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SYNOPSIS 


vi 


There has been a considerable interest in recent years 
on the study of photochemical properties of systems in excited 
states. The information on the acid-base properties of mo3.ecules 
in the excited states and their relation to structure is of 
primary importance in the mechanistic elucidation of photochemica 
reactions. For reactions proceeding through excited singlet ox- 
triplet state and dependent on acidity of the system, the 
information on the excited state pK^ values is necessary to 
optimize the reaction conditions. In this thesis, an attempt 
is made to determine the excited state acidity constants mainly 
in the singlet states of selected organic compounds {pyrazoles, 
imidazoles, phenanthrenes and 5- am ino indazol e) and to study the 
effect of solvents on absorption and fluorescence characteristics 
of these compounds. The solvent dependence of absorption and 
fluorescence provides information about the ground and excited 
state geometries and the site of proton exchange in few compounds 
studied by us. 

Chapter 1 reviews the literature on the excited state 
acid-base properties as well as solvent effect on absorption 
and fluorescence of organic molecules having acidic or basic ; 
functional groups. A brief account of present investigation is | 
also given. ; 
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Chapter 2 contains the instrumentation part of the work. 

The details of spectrofluorimeter which has been fabricated 
using quantum photometer and other accessories are given. The 
cell compartment is designed to accommodate the low temperature 
fluorescence and phosphorescence accessory. A modification in 
the cell to increase the fluorescence intensity is described. 
Excitation and emission spectra correction curves determined for 
the instrument ,are presented. Chapter 3 gives the experimental 
part of the work. 

In chapters 4 and 3/ a study of solvent effect on the 
absorption and fluorescence spectra of the molecules is presented. 
The abnormal shifts in the absorption maxima in certain 
pyrazoles and 4/ 5~d ip henyl imidazole are explained in terms of 
steric effects due to solute- solvent interaction. In other 
compounds, the behaviour is different and the solvent shifts in 
absorption show that the hydrogen donor/acceptor interactions 
are more prominent in the ground state. 

A comparison of absorption and fluorescence spectra of 
3, 5-diphenylpyrazole in cyclohexane indicates a change in 
nuclear conformation from the ground to the excited state. 

This conclusion is further supported by other spectroscopic 
parameters. Analysis of solvent shifts on absorption and 
fluorescence shows a change in site of hydrogen bonding from 
ground to excited state in 9-amingph.enanthrene and 5— am in o ind az o 1 
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The increase in the fluorescence intensity of cations of 
1 / 3 , 5- triphenylpyrazole and 4 , 5-diphenyl imidazole with the 
increase in irradiation time is explained on the basis of 
reversible and irreversible excited state reactions respectively. 
The specific quenching of 3-methyl , 5-phenylpyrazole cation by 
chloride ion is also analysed, j 

Chapter 6 contains the study of pH effects on absorption 
and fluorescence spectra. The ground state pK values, determined 
spectrophotometrically,are reported. From the pH effects on 
fluorescence, an attempt is made to measure excited state 
acidity constants (p K a ) for all equilibria present in each 
compound. There are four methods for the determination of pK* 

SI 

values. The results obtained are compared and assumptions 
made for each method are discussed in order to determine the 
best way by which excited state acidity constants may be 
obtained. Unlike the behaviour in pyridine, pyrazole etc., the 
pyridlnic nitrogen atom at position 3 in 9, 10-phenanthroimidazole 
becomes less basic in the excited state. This is explained on 
the basis of excited state charge transfer interaction. The : 
fluorescence titration plots of 9 - hyd r oxyp henanthrene are 
stretched sigmoid curves covering both ground and excited state : 

i 

pK regions, implying that the variations of quantum yields of : 
fluorescence of conjugate acid-base pair with pH is governed by 



ix 

the kinetics of the excited state prototropic reaction. The 
excited state kinetics is analysed to account for the shape of 
the curve observed. 

An interesting behaviour, quite different from ground 
state, is observed in the excited state of 5-aminoindazole. 

In the ground state the first protonation occurs at the amino 
group and deprotonation at the pyrrole type nitrogen atom at 
position 1 of .the ring, whereas in the excited state the 
pyridinic nitrogen atom at position 2 of the ring gets protonated 
first and amino group gets deprotonated. This conclusion is 
also supported by the room temperature and low temperature (77K) 
fluorescence spectra of indazol ammonium chloride and 5-amino- 
indazole anion. A scheme of excited state equilibrium is 
proposed. The indazol ammonium ion at pH 1.4 undergoes inter- 
molecular phototautomerism which is assisted by solvent. 

For compounds, whose pK* values lie in the mid pH region, 
if the excited state equilibrium is not attained due to 
low concentration of protons, the equilibrium can be achieved 
with high buffer concentration. Chapter 7 presents the effects 
of varying concentration of buffers on the equilibria of 
benzimidazole, indazole and 9, 10-phgnanthro imidazole and it is 
found that the equilibrium in excited state is displaced towards 
the expected direction in all compounds. 
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The thesis has a brl£f description of the vibrational 
analysis of low temperature fluorescence and phosphorescence 
spectra of few compounds. The triplet state acidity constants 
determined from phosphorescence spectral shifts are also reported 

A summary of work done and the future work planned are 
given in the last chapter. 



xi 

LIST OF FIGURES 

Fig# Page No. 

2.1. Block diagram of the Spectrofluorimeter. 18 

2.2. Diagram of low^- temperature set-up for 

fluorescence and phosphorescence. 19 

2.3. Relative intensity distribution of excitation 

source. 26 

2.4. Emission calibration curves: I. 300nm .blaze 

grating. II. 500nm blaze grating. 28 

2.5. Corrected fluorescence spectrum of Anthrance 

(5 x 10~^M in ethanol) . 30 

2.6. Corrected fluorescence spectrum of Quinine 

sulphate (2 x 10~ 6 M in IN H 2 S0 4 ) . 31 

2.7. Fluorescence spectra of Anthracene in 
cyclohexane, a) with mirrorised coll 

b) with simple cell. 3 2 

4«1. Absorption spectra of pyrazole in different 

solvents. 31 

4.2. Absorption spectra of 3 , 5-Dimethylpyrazole in 

different solvents. 52 

4.3. Absorption spectra of l-Phenyl-3, 5-dimethyl- 

pyrazole in different solvents. 53 

4.4. Absorption spectra of 1, 5-Diphenyl-3-methyl- 

pyrazole in different solvents. 54 

4.5. Absorption spectra of 1,3, 5-Triphenylpyrazole 

in different solvents. 55 

4.6. Absorption spectra of 3, 5-Diphenylpyrazole in 

different solvents. 56 

4.7. Absorption spectra of 3-Methyl- 5-phenylpyrazole 
in different solvents. 


57 



4.8 


. Absorption spectra of 4 , 5-Diphenyl imidazole in 
different solvents. 

4.9. Absorption spectra of 9, 10-Phenanthro imidazole 
in different solvents. 

4.10. Absorption spectra of 9-Aminophenanthrene in 
different solvents. 

4.11. Absorption spectra of 9-Hydroxyphenanthrene 
in hexane. 

4.12. Absorption spectra of 5-Aminoind azole in 
different solvents. 

5.1. Energy level diagram. 

5.2. Fluorescence spectra of l-Phenyl-3 , 5-dimethyl- 
pyrazole in different solvents. 

5.3. Fluorescence spectra of 1, 5-Diphenyl- 3 -Methyl - 
pyrazole in different solvents. 

5.4. Fluorescence spectra of 1,3 , 5-Triphenylpyrazol 
in different solvents. 

5.5. Fluorescence spectra of 3 , 5-Diphenylpyrazole 
in different solvents. 

5.6. Fluorescence spectra of 3-Methyl- 5-phenyl - 
pyrazole in different solvents. 

5.7. Fluorescence spectra of 4, 5-Diphenylimidazole 
in different solvents. 

5.8. Variation of fluorescence intensity of 

1.3. 5- Triphenylpyrazole cation with 
irradiation time. 

5.9. Absorption and fluorescence spectra of 

3. 5- Diphenylpyrazole in cyclohexane. 

5.10. Fluorescence spectra of 3 -Methyl- 5-phenyl- 
pyrazole in a) H 2 S0 4 (H o -0. 5) , (b) HCl(H o -0.5), 
(c) H ? SO (H -0.5)+KCl(0.l5M) , 


xiii 


Fig, Page No. 

5.11. Fluorescence spectra of 3-Methyl-5-phenyl- 

pyrazole at 77K in a) H 2 S0 4 (b) H 0 S0 4 +I<C1 ( top) 94 

5.12. Variation of fluorescence intensity of 

4/ 5-D±phenyl imidazole cation with irradiation 

time, (a) 1 minite, (b) 6 minutes# (c) 11 minutes. 96 

5.13. Fluorescence spectra of 4, 5-Diphenyl imidazole 


at 77K (a) Neutral form (b) cation. 98 

5.14. Fluorescence spectra of 9 , 10- Phenanthro imidazole 

in different solvents. 99 

5.15. Fluorescence spectra of 9-2-minophenanthrene 

in different solvents. 103 

5.16. Fluorescence spectra of 9-Hydroxyphenanthrene 

in different solvents. 105 

5.17. Fluorescence spectra of 5~hminoindazole in 

different solvents. 107 

5.18. Fluorescence spectrum of 3# 5-Diphenylpyrazole 

in hexane at 77K. Ill 

5.19. Phosphorescence spectra of l-Phenyl-3 , 5-dimethyl- 
pyrazole at 77K in aqueous methanol (a) Neutral 

form (b) cation. 116 

5.20. Phosphorescence spectra of 1# 5-Dipheny 1-3-methyl - 

pyrazole at 77K in aqueous methanol. 117 

5.21. Phosphorescence spectra of 1,3 , 5-Triphenyl- 

pyrazole at 77K in aqueous methanol. 118 

5.22. Phosphorescence spectra of 3, 5-Diphenyl- 

pyrazole at 77K in aqueous methanol. 119 

5.23. Phosphorescence spectra of 3 -Methyl- 5-phenyl- 

pyrazole at 77K in aqueous methanol. 120 

5.24. Phosphorescence spectra of 9, 10-Phenanthro- 

im id azole at 77K in aqueous methanol. 121 



xiv 

F; MsU Page No % 

5.25. Phosphorescence spectra of 4, 5-Diphenyl- 

imidazole at 77K in aqueous methanol. 122 

5.26. Phosphorescence spectra of 9-Hydroxy- 

phenanthrene at 77K in aqueous methanol. 123 

6.1. Absorption spectra of 9-Aminophenanthrene 

in different H scale. 130 

6.2. Plot of relative fluorescence intensities of 

l-Phenyl-3, 5-dimethylpyrazole Vs pH 139 

6.3. Plot of relative fluorescence intensities of 

1, 5-Diphenyl- 3 -Me thylpyraz ole Vs pH. 140 


6.4. Plot of relative fluorescence intensities of 
3 , 5-Diphenylpyrazole Vs pH. (a) Cation 

(b) Neutral form and anion. 141 

6.5. Plot of relative fluorescence intensities of 
3 -M ethyl- 5-phenylpyr azole Vs pH (a) Cation 


and neutral form (b) neutral form and anion. 142 

6.6. Plot of relative fluorescence intensities of 
4, 5-Diphenyl imidazole Vs pH (a) Neutral form 

(b) Neutral form and anion. 143 

6.7. A modified thermodynamic cycle for the calculation 

•k 

of pK 149 

Ql 

6.8. Fluorescence spectra of 3 -Methyl- 5-phenyl - 
pyrazole and its anion at 77K (a) Neutral form 

(pl-i;^ 7) (b) Anion (HjDd 16) . 156 

6.9. Plot of relative fluorescence intensities of ■ 

9 , 10-Phenanthro imidazole Vs pH (a) Cation and 
neutral form (b) Neutral form and anion. 160 

6 -, 10. Plot of relative fluorescence intensities of 
9-Aminophenanthrene Vs pH/ H 0 (a) Cation and 
neutral form (b) Neutral form. 


165 



3CV 


Fig* 

6.11. Fluorescence spectra of 9-Aminophenanthrene 

(a) Neutral form (pH '.n>- 7) , (b) Dianion (H 15.2) 

6.12. Plot of relative fluorescence intensities of 
9-Hydroxyphenanthrene and its anion Vs pH/H Q . 

6.13. Absorption spectra of 5-Aminoindazole. 

6.14. Scheme of Ground and Excited state equilibria 
of 5-Aminoindazole at different H Q /pH/H_ . 

6. 15. . Fluorescence spectra of 5-Aminoindazole 

(a) Neutral form (pH ^7) (b) Monocation 

(H = -0.5), (c) Dication (H 9 ^ -9). 

6.16. Fluorescence spectra of indazolammonium 
chloride in different solvents. 

6.17. Plot of relative fluorescence intensities of 
5-Aminoindazole Vs pH. 

6. 18. Plot of relative fluorescence intensities 
of 5-Aminoindazole Vo H Q . (a) Dication 

(b) Monocation. 

6.19. Fluorescence spectrum of 5-Aminoindazole anion 
at 77K (H_ 16) . 

6.20. Absorption and fluorescence spectra of 
5-Aminoindazole at pH 1.4. 

7.1. Fluorescence spectra of Indazole at (a) pH 3.3 
(without buffer) (b) pH 3.3 6 (lK phosphate 
buffer) (c) pH < l (without buffer) . 

7.2. Plot of relative fluorescence intensities 
of (a) indazole and its cation (b) indazole 
and its anion, Vs pH. 

7.3. Fluorescence spectra of Benzimidazole 
(a) pH 6.5 (without buffer) (b) pH 6.3 
(with 1M buffer) . 


Page No. 

166 

168 

173 

174 

176 

179 

182 

183 

185 

188 

197 

199 


203 



xvi 


Fiq. Page No. 

7.4. Plot of relative fluorescence intensities of 
Benzimidazole Vs pH (a) without buffer 

(b) with 0.311 buffer (c) with 111 buffer. 204 

7.5. Fluorescence spectra of 9, 10~Phenanth.ro imidazole 

(a) pH 10.2 (without buffer) (b) pH 10.55 (0.5M 
buffer) (c) pH 12.3 (without buffer) . 206 

7.6. Plot of relative fluorescence intensities of 
9, 10-Phenanthro imidazole Vs pH (a) without 

buffer (b) with 0.1M buffer (c) with O'. 5M buffer. 207 



xvii 


Table 

4 • 1 « 

4.2. 

5.1. 

5.2. 

5.3. 

5.4. 

6 . 1 . 

6 . 2 . 

6.3 . 

6 . 4 . 

6.5. 

6 . 6 . 

6.7. 


LIST OF TABLES 


— 1 

Absorption maxima (cm ) of pyrazole and 
4, 5- diphenyl imidazole in different solvents. 

Absorption maxima (cm ) Pi, A*MP, HP, AI and 
Indazole in different solvents. 

w* *1 

Fluorescence maxima (cm ) of pyrazoles and 

4, 5-diphenyl imidazole in different solvents. 

— 1 

Fluorescence maxima(cm ) of PI, AMP, HP, AI 
and Indazole in different solvents. 

Low temperature fluorescence maxima (cm”" 1 ) and 
the results of vibrational analysis. 

Low temperature phosphorescence maxima (cm ) 
and the results of vibrational analysis. 

Ground state acidity constants. 

Excited singlet state acidity constants 
determined from absorption spectra. 

Excited singlet state acidity constants 
determined from fluorescence spectra 

Excited singlet state acidity constants 
determined from the average of absorption 
and fluorescence spectra. 

Summary of excited singlet state acidity 
constants. 

Long wavelength absorption maxima and 
fluorescence maxima of the three forms of 

9. 10- Phenanthro Imidazole. 

Excited singlet state acidity constants of 

9. 10- Phenanthroimidazole. 


Page No. 

59 

64 

85 

100 

112 

125 

131 

133 

13 5 

136 

144 

158 


159 



Table 

xviii 

Page No. 

6.8. Excited singlet state acidity constants of 
9-Aminophenanthrene. 

163 

6,9. Excited singlet state acidity constants of 

9- Hyd roxyphen an threne . 

169 

6.10. Absorption and fluorescence maxiina(cm ) 

of various forms of 5-Aminoindazole. 

177 

— 1 

6.11. The absorption and fluorescence maxima (cm ) 

of indazol ammonium chloride in different 

solvents. 

180 

6.12. Low- temperature phosphorescence maxima and 

k 

pK T values. 

190 

7.1. Excitejd singlet state acidity constants of 

Indazol e determined by different methods and 

at different buffer concentrations. 

198 

7.2', Excited singlet state acidity constants of 

Benzimidazole at different buffer concentration 

s 202 

7.3. Excited singlet state acidity constants of 

9 1 10-Phenanthro imidazole at different buffer 

concentrations . 

208 



CHAPTER - 1 


GENERAL INTRODUCTION 

A chemical compound has certain characteristic chemical 
and physical properties which are determined, to a large extent, 
by its electronic charge distribution. Therefore it is reasonable 
to consider a molecule in one of its electronically excited 
states, as a different compound. A study of the effect of factors 
like solvent polarity and pH of the solution on absorption and 
fluorescence spectra of a compound provides valuable information 
about its ground and excited states. 

In this chapter we present a brief survey of solvent 
effects on absorption and fluorescence spectra relevant to our 
study, and excited state pK a along with their applications, 
followed by a description of the scope of the present work. 

1.1 Solvent effects on absorption and fluorescence spectra 
The first general treatment of solvent effects on 

i 

absorption spectra was given by Bayliss and McRae in 1954. 



2 


They pointed out that interactions of solvent and solute 

molecules are predominantly electrostatic# and may be of the 

induced dipole— induced dipole# dipole— induced dipole# dipole- 

dipole or the hydrogen bonding types. Later the solvent effects 

were discussed by several authors. 3 6 A consolidated account 

of these effects in terms of different kinds of electronic 

interactions depending upon the nature of solvent# solute and 

the electronic transition has been given by Jaffe and Orchin 

and Suzuki. 7 The results of these effects have been used to 

assign the nature of electronic transition 6 and to calculate the 

dipole moment of .the molecule. 3 ' 8 10 Schulman et al*-*/ ' studiec 

the solvent effects on the absorption spectra of different isomeric 

am inoqu inol ines and from the shifts of the absorption maxima 

( X ) they concluded that in ethanol# the hydrogen bonding was 
max 

at the heterocyclic nitrogen atom whereas in water it was at 
the exocyclic amino group. In contrast, in 3- am inoqu inol ine 1 
the shifts were attributed to the dispersive# hydrogen bond 
interactions. From the absorption and emission data in different ; 
solvents# a study of dipole moments and geometries of the aromatic^ 

esters in the excited singlet state have been carried out : 

14 

recently. 

The environmental effects on the fluorescence spectra of 
aromatic compounds in solution were first reviewed by Pringsheim 15 
and then by Fdrster. 16 In 1963 Von Duuren 17 reviewed this 
subject giving a detailed account of the solvent effects for 
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various types of aromatic compounds and their derivatives. He 

discussed the X shifts and the quenching of fluorescence in 

max 

addition to the viscosity effect caused by the solvents. The 
\ shifts were explained using the Franck-Condon principle. 
Accordingly, the fluorescence is always red shifted to absorption 
in the same solvent and the shift increases with increase in the 
solvent polarity for the rr - n * transitions. 

The effect of hydrogen bonding on fluorescence spectra 

18-20 

was studied extensively by Mataga and Coworkers. ~ They 

pointed out that the hydrogen bonding can cause either a red 

shift or a blue shift in fluorescence in naphthylamines depending 

upon the nature of the hydrogen bonding interactions with the 

solvent. They demonstrated the use of fluorescence spectrometry 

in calculating equilibrium constants for hydrogen bonding in 

lS 

excited states of organic compounds. 

From a comparison of the solvent effects on the absorption : 

and fluorescence spectra, one may derive information regarding 

the nature of the electronically excited state in contrast to 

the ground state and also the nature of the interactions between 

the solute and the solvent molecules in the excited as well as 

the ground state. This comparison, together with a theoretical 

interpretation of the characteristics of the spectra of a -and 

0 -naphthylamines has shown that the lowest excited singlet 

state in the light absorption is , and the fluorescent state 

is 1 L in the case of a -isomer, while ^L, is the relevant excited 
a D 
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state for both light absorption and fluorescence in the case of 
£ -Naphthyl amine. This level reversal has been attributed to 
the change in the structure of the amino group during the life 
time of the excited state. 

Prom the solvent and protonation effects on photoisomeri- 

23 

sation and luminescence of styrylpyridines, Bartocci et al., 
have concluded that the singlet mechanism prevails in the photo- 
iscmerisation for the unsubstituted styrylpyridines. 

22 

Werner and Hercules have studied the environmental 
effects on the fluorescence spectra of 9-anthroic acid and its 
esters. They found the large Stokes shift in the emission of 
9-anthroic acid /to be a consequence of the excited-state rotation 
of the carboxyl group into the plane of the anthracene ring. 

This rotation, which can result in an excited state six membered 
ring formation through intramolecular hydrogen bonding, is 
shown to be dependent upon temperature and the solvent matrix. 

In a study of solvent dependence of absorption and fluorescence 
of aminoquinolines, Schulman et al. , “ reasoned that the 

opposite trend observed in the fluorescence shifts when compared 
to the absorption shifts in the same series of solvents is due 
to the change in the site of hydrogen bonding from the ground 
to the excited state. That is, in the excited state, the 
hydrogen bonding is at the ring nitrogen atom while in the 
ground state it depends on the nature of the solvent (see above) . 
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24 

Berlman obtained an empirical correlation between 
nuclear conformation and certain fluorescence and absorbance 
characteristics of aromatic ring and ring-chain systems from 
a study of solvent effects on the absorption and fluorescence 
spectra. He classified 'these compounds into five categories in 
assigning the conformation of the molecule in both states. 

The absorption and fluorescence spectra shifts of 

o-Phenanthroline and its cation in different solvents were used 

34 * 25 

to explain the discrepancies in the Forster cycle pK values. 

Further information regarding the intramolecular photo- 

29 30 3 1 

tautomerism * , nature of hydrogen bonding , chemical 

32 14 

structure, geometry and dipole moment in the ground and 

excited states can also be obtained from a study of the effect 

of solvent on absorption and fluorescence characteristics of a 

compound. 

1.2 Excited state pK. studies 

cl 

3 3 

Weber was the first to report the "abnormal" fluorescence 

due to protolytic dissociation of l-naphthylamine-4 sulphonate 

in 1931. He noticed the change of blue-violet fluorescence of 

neutral solutions of this compound to green in strongly alkaline 

solutions, although therewas no change in the absorption spectrum. 

». 34 

Later in 1950, Forster showed this effect to arise from the 
protolytic dissociation in solutions containing hydroxy- and 



6 


aminopyrene sulphonates in their first excited singlet states. 

Similar results were observed with hydroxy and other naphthalene 
3 5 36 

derivatives. ' In the study of the protonation equilibrium 
of 0 -naphthylamine, very strongly acidic solutions (character!- 
zed by negative pH value ) were used. In these compounds the 
appearence of fluorescence due to the formation of the protonated 
and the deprotonated species occurred in a pH region different 
from that corresponding to the ground state pK^ value. 

F&rster ' suggested a method to determine the excited state 

•fa 

pK^ (pK^) value from the electronic transition energy ( AE) 
between the ground and the electronically excited states. This 
energy can be obtained either from the difference in the long 
wavelength absorption maxima or from the difference in the short 
wavelength fluorescence maxima of the conjugate acid-base pair. 
This method is based on the thermodynamic equivalence of all 
routes from the ground state of the acid to the excited state 
of the conjugate base and it is commonly known as Forster cycle. 
In this scheme, entropy changes for the protonation and deproto- 
nation are assumed to be equal in both states. 

As a criterion for the establishment of the acid-base 
equilibrium in the excited state, the change from one fluorescent 
form to another should take place within a narrow pH range; that 
is from 2 % to 99 % of each form within 4 pH units. 
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37 * 

Weller developed another method to find out the pK & 

by using fluorescence intensity as a function of pH of the 

system. This method, known as fluorimetric titration, is free 

from the assumptions made in the Forster cycle calculations. 

k 

The pK values determined by the former method are found to be 

Cl. 

in accord with the latter for a -and 0 -naphthols. 

38 ★ 

Bartok et al., estimated the pK values of some 

a 

p-substituted phenols from spectroscopic data. Apart from a 
large increase in pK as a result of excitation, the variation 

cL 

ic 

of the pK a values with substitution's obtained by different 
methods, could not be accounted for. Hence it was suggested that 

k 

pK calculated by using the average of absorption and fluorescence 

O. 

k 

maxima could be more accurate than the pK & values obtained by 
either absorption or emission data. 

39 

Haylock et al., estimated the excited state dissociation 

constants of some substituted quinolines from spectroscopic data 

\ 

and from the change in the fluorescence intensity with pH. A 
critical examination of the methods used, revealed that the 
assumption of equal entropy changes for the corresponding 
prototropic equilibria in the ground and excited states of a 
conjugated acid-base pair may not be justified as the solvation 
energies in both states, in general, are not identical due to 
the difference in the electronic charge distribution. 
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Again from a study of substituted quinolines Mason et al, ^ 

k 

found that the pK values obtained by different methods for the 

OL 

same compound differed from each other. This is apparently due 
to the fact that A E value of the Forster cycle refers solely 
to the electronic energy difference between the ground and 
excited states of the molecule. But the absorption and emission 
maxima of the species studied /measure the associated vibrational 

ic 

energy difference also between the two states. As a result, pK 

3 . 

values obtained from the absorption and emission data may differ 
from each other by as much as six units and both may diverge 
substantially ' from the pK value obtained from the fluorimetric 
titration. 

4 1 

Jaffe and Jones , in 1964, reviewed and carefully 

34 

examined the assumptions involved in the Burster cycle method. 

42 

In azobenzene and azoxybenzene, Jaffe et al., calculated five 
different excited state pK a values for each compound from the 
absorption maxima of five different bands present in these 

k 

compounds. The pIC values reported for each compound varied 

cL 

from 0 to 19.7. The tautomeric equilibria in substituted amino- 
azobenzenes and the uncertainty in using the Forster cycle 

calculations for these compounds were determined by Ellerhost 

i 43 
et al., 

44 

Wehry and Rogers determined the protolytic dissociation 
constants of phenols and monosubs tituted phenols in the lowest 
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triplet (T^) and the first excited singlet (S^) states by using 
Fo*rster cycle. They found the resonance effects to be more 
important than inductive effects in the excited state* 

k 

The pK & values of different isomers of quinolinol and 

. 45_47 

their derivatives were reported by several authors. 

4 V 

Schulman et al., explained the differences in the pl< a values 
obtained for halogenated 8-quinolinol in terms of the assumptions 
made in Forster cycle. But the large difference in the pK & values., 
obtained by different methods for 5-isoquinolinol could not be 
explained. 

48 

Goldman and Wehry attributed the quenching of 8-quinolinol 

fluorescence to hydrogen bonding by hydroxylic solvents. However 
49 

Schulman interpreted the results to be primarily due to proto- 
tropic equilibria in the state of the various prototropic 
species derived from 8-quinolinol. 

50 

Vender Donckt reviewed the acid base properties of the 
excited states , wherein he discussed the effect of excited state 
geometrical relaxation on the Forster cycle calculations. 

k 

Subsequently more pK a data have accumulated and the subject 

52-54 ! 

has been reviewed by several authors. The review by Ireland 

53 

and Wyatt contains extensive reference tables of experimental 

results available in the literature up to 1974. Most of the pK a I 

..34 

values were determined by the Forster cycle method and yet there i 
were unexplained discrepancies in those values. 
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Schulman et al ., 29 ' 31 ' 55-59 determined pK* values of many 
organic compounds of biological and medicinal importance. His 
recent review and a book provide a complete picture of the 
acid-base chemistry of state. The shapes of fluorimetric 
titration curves are analysed on the basis of the kinetics of the 
state proton transfer and the discrepancies in the Forster 
cycle pK*s are explained using solvent dependence and low 

a 

oc SS 59 , 

temperature studies. ' Schulman and Capomacchia proposed a 

modified cycle and have derived equations similar to those of the 

Forster cycle. In this approach effects of vibration, solvent 

and geometrical relaxations in the ground as well as the excited 

states are taken into account. 

A comparison of pK* values obtained by fluorimetric 

titration with those obtained by the three Ftfrster cycle methods 

86 

(see above) shows which of the three methods is accurate. From 
an analysis of the discrepancies in these values, useful infor- 
mation about various factors like solvent relaxation, geometry 
change and complex formation in the excited state is obtained. 

The effect of high concentration of buffers on the excited 
state equilibrium was first studied by Weller^ using steady state 
kinetics. Schulman and Capomacchia extended this study and 
modified the kinetic equations to incorporate the pH conditions. 
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•jf 

The excited triplet state acidity constants (pK T ) were 

determined mainly by using Fbrster cycle" 34 and phosphorescence 

spectra at 77K. The energy changes, determined directly from 

the short wavelength limit of phosphorescence spectra were used 

SO 

in the Forster cycle calculations. Jackson and Porter used 
flash spectroscopy and determined pK T from T-T absorption 

6 *1 A* 

measurements. Fitch determined the pK^ values for substituted 
anthraquinones and fluorenes by both methods. It has been found 
that pK^, values generally lie in between pK^ and pK & , and often 
closer to the latter. 

1.3 Applications of excited state acidity constants 

A knowledge of acid-base properties of molecules in their 
excited states is of importance in unravelling the mechanism of 
photochemical reactions. This was first recognised by Godfrey 

jC O 

et al., while determining the course and yield of photochemical 

reduction of aromatic ketones by hydrogen abstraction from the 

63 

solvent. Photoreduction results of 4-hydroxybenzophenone , 

64 6S 

methylene blue D and phenazine have been interpreted similarly. 
The yields in photoisomerisation reactions of 3-styrylpyridines, 
in the pH range (0-14) , are related to the acid-base equilibria 
in the ground and states. 23 Hine and Childs^ 6 found that 
the complex photoisomerisation of eucarvone appears to proceed in 
acid media via a protonated triplet species. 
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Vinylcations are known for their high reactivity but their 

stability only at high acid conditions precludes the use of 

delicate functional groups in the substituent. The possibility 

of existence of these ions under mild acid conditions in the 

excited state was examined by Woolridge and Roberts. The 

presence of vinyl cation intermediate was suggested in the 

p ho tohyd ration of phenyl acetylene in dilute acid solutions. 

Prom the formation of this intermediate they were able to 

explain the earlier reports concerning the photoaddition of 

68 

methanol and acetic acid to diphenyl acetylene. 

69 

Plots of photohydration rates as a function of pH for 

uracil and cytosine derivatives showed inflection points near 

the pK a values of these compounds. They concluded that neutral 

excited species are the most reactive with water. Further 

evidence for the participation of the state in the reaction is 

provided by the negative temperature coefficients for photo- 

hydration and fluorescence intensity. For a similar reaction, 

the photo- induced alcoholysis of 3,4-dihydroxycoumarins, the 

variation of quantum yield of the product with pH correlates 

* 70 

reasonably well with the pK & values. 

The molecules which can undergo intramolecular proton 

transfer in the excited state have been found to be unusually 
71 72 

photo-stable. Williams and Heller reported the photochemical 
stability of crystalline 2-(2‘hydroxyphenyl)-benzothiazole and 
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its derivatives. In these compounds a proton is transferred in 
the excited state from oxygen to a nitrogen atom and the photo- 
chemical stability of the compound is greatly improved relative 
to the N-methylated derivatives in which no hydrogen transfer 
can take place. 

The excited state acid-base behaviour of molecules has 

direct implications in the field of analytical fluorimetry and 

phosphorimetry. An increase in the sensitivity and selectivity 

of analytical procedures due to change in the emitting species 

73-76 

with pH has been discussed by several authors. 

In biochemistry, excited state protolytic behaviour is 

increasingly used both to interpret results and to act as a 
77—81 

probe. “In recent years the potential application of excited 

state proton transfer to the studies of biological molecules is 

increasing. As rate constants are generally dependent upon the 

solvent and on the character of any possible proton donor and 

02 

acceptor present in solution, Loken et al., have suggested 

that the rate of excited state proton transfer should give a 

quantitative measure of the environment of a probe molecule. 

83 84 

De Luca et al., and Bowie et al., have demonstrated the 
importance of excited state proton transfer for investigating 
the active sites of enzymes. For example, the mechanism of the 
action of firefly luciferase was explained using excited state 
proton transfer . 85 
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As the ground state pK & data have been used to draw- 
inference concerning the structure, electronic charge distri- 
bution and chemical reactivity of molecules in the ground state, 

pK^s can be used to get similar inferences for the molecules in 

86 87 * 

the S„ state. Schulman * has discussed the use of pK as an 

1 cL 

index of chemical reactivity and structure in the state* 

it 

Thus for example an anomalously low pK & value for the state 

equilibrium between the cation and the zwitter ion, derived from 

8-mercaptoquinoline, and an anomalously short emission wavelength 

of 8-mercaptoqulnoline cation relative to that of 8-hydroxyquino- 

line can be explained by valence shell expansion of the sulphur 

88 

atom of the protonated 8-mercaptoquinoline in the state. 

Moreover, since the shifts in absorption spectra of 8-mercapto- 
quinoline on protonation are similar to the shifts in the absor- 
ption spectra of 8-hydroxyquinoline on protonation, valence shell 
expansion might be occurring following excitation. 

1.4 Scope of the present work 

The discussion in the previous section shows the widening 
scope of the applications of the excited state pK & values. In 
the past, most of the pK* values were determined only by Forster 
cycle methods, even though there was a possibility of determining 
pK* values by fluorimetric titration for some of the compounds. 
Furthermore, except in some of the recent papers, no explanation 
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• 4 

was given for the different pK values obtained for the same 

OL 

compound by Forster cycle methods. 

■jif 

We have started this work (a) to compare the pK & values 
obtained by Forster cycle and fluorimetric titration# (b) to 
find out the best pK & value, (c) to interpret any discrepancies 
in the Forster cycle pK^ by solvent dependence and low temperature 
studies and (d) to get information about the geometry change, 
charge transfer interaction and complex formation in the 
excited state using the error involved in the Forster cycle 
calculation as a guide. 

In this thesis, most of the compounds studied are five 
membered heterocyclics having two nitrogen atoms, one of 
pyridine type and the other of pyrrole type. It had been 

reported earlier that pyrrole type nitrogen becomes more 

89-94 5 

acidic and pyridine type nitrogen becomes more basic in 

the excited state. Reasons for choosing the heterocyclic 

compounds with two nitrogen atoms are (i) to find the effect of 

solvents on the spectral behaviour, as little systematic work is 

available on the omission characteristics of pyrazoles except for 

96 

the qualitative work done by Russian workers. t (ii) to find out 
their excited state acid-base properties (a) when they are in 
the same ring and adjacent to each other (as in pyrazoles and 
indazole) and (b) when they are apart (4, 5-diphenyl imidazole and 
9, 10-phenanthro imidazole) . 
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Since excited state equilibrium was not attained in 
pyrazoles due to their short life times, amino-and hydroxy- 
phenanthrenes were also included in this study. Solvent 
dependence and low temperature studies were started mainly to 

ik 

account for the discrepancies in the Iftrster cycle pK values. 

In addition, we were able to get information on the vibrational 
structure of the ground state. 

Chapter 2 describes the instrumentation part of the work. 
Although many commercial instruments are available with accessories, 
we have fabricated the instrument with changable lamp sources 
and gratings to suit our needs. Chapter 3 gives the details of 
the experiments. Results from a study of solvent effects on 
absorption and fluorescence spectra are presented in chapters 
4 and 5. In the latter, an analysis of the fluorescence spectra 
of cations of 1,3, 5-triphenylpyrazole, 1, 5-diphenyl- 3 -me thyl- 
pyrazole and 4, 5-diphenyl imidazole is followed by a brief account 
of vibrational analysis of low temperature emission spectra of 
some of the compounds. Chapter 6 gives pK & values for all the 
compounds in their states and for a few compounds in their 
T 1 states. The effect of high buffer concentration on excited 
state equilibrium of a few compounds is discussed In chapter 7. 



CHAPTER - 2 


INSTRUMENTATION 


2.1. Spectrofluorimeter 

Fluorescence and phosphorescence spectra were recorded 
on a scanning spectrofluorimeter, fabricated in our laboratory. 
The block diagrams of the spectrofluorimeter and the arrangement 
to take spectrum at low temperature are given in figs. 2.1 and 
2.2 respectively. A brief description of each part is given 
below. 

A stabilized power supply for the lamp (LPS 251 HR) and 
the lamp housing (LH 150) were procured from Schoeffel Instru- 
ments. They can accommodate 150 W Xe lamp, 200 W Xe-Hg lamp 
and 200 W Hg lamp. 

Two Jarrell-Ash 0.25 m and f/3.5 Ebert grating mono- 
chromators (82-410 and 82-415) were used. The monochromator 
(M^) with one grating, blazed at 300 nm (1180 grooves/mm with 
a reciprocal linear dispersion of 3.3 nm/mm) , was used for 
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selecting the excitation wavelength. The monochromator (M 2 ) 
with two gratings, one blazed at 300 nm (2360 grooves/mm with 
reciprocal linear dispersion 1.65 nm/mm) and the other at 500 nm 
(1180 grooves/mm with reciprocal linear dispersion of 3.3 nm/mm), 
was used for the resolution of the emission. The focal lengths 
of the quartz lenses (L^-L^) were chosen to suit the aperture 
ratios of monochromators and to have maximum collection of the 
exciting as well as the emitting light. 

The cell compartment was designed for both room tempera- 
ture and low temperature measurements and made in our workshop. 

In order to avoid scattering, the whole compartment and the lens 
holders were blackened by anodizing them. The cell compartment 
houses a beam splitter and two double walled cell holders and 
C 2 to accommodate the sample and reference cells respectively. 

The beam splitter B is a 1 mm thick quartz plate and it is placed 
at an angle of 45° in the path of the exciting light to reflect 
10% of it for calibrating the light source. The purpose of the 
double walled cell holder is to maintain a constant temperature 
of the cell. For low temperature (77 K) measurements, Aminco- 
Bowman's low temperature fluorescence and phosphorescence acce- 
ssory was fitted in the cell compartment by replacing the normal 
cell holder C as shown in fig. 2.2. A motor with a shutter 
drum was fitted at the bottom of the cell holder, only for 
phosphorescence measurements. Provision was also made for 
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passing dry air to remove the condensed moisture from the walls 
of the &ewar flask. 

Princeton Applied Research Quantum Photometer console 
(model 1140 A) was used for detection and amplification of 
emission. It consists of a detector assembly, an amplifier/ 
discriminator, an electrometer, a detector. voJLtage supply and a 
log and a linear rate meter. The detector assembly with a 
IP 28 photomultiplier tube (Hammatsu, Japan) was fixed at the 
exit slit of the M 2 * The Quantum photometer has two modes of 
measurements: (i) photoncounting and (ii) current measuring. 

The photon counting mode is sensitive enough to measure very 
weak signals* The detected and amplified signal was read from 
the rate meter in the front panel. A multi range (1-12.5 rav) 
millivolt recorder (Sargent model SR) was used to record the 
signal out-put from the Quantum photometer. 

Another set of detector-amplifier was attached at the 
other side of the cell compartment facing the exit of C 2 for 
calibrating the excitation light source and to check its constant 
intensity. The high voltage required for the photomultiplier 
tube was supplied from a stabilized DC power supply, fabricated 
in the Electrical Engineering Department, IIT, Kanpur. The 
detected signal was fed into an electrometer amplifier (EA) 
(Electronic Corporation of India Ltd model EA 815) and read. 
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Occasionally it was also recorded on a chart recorder, A 
constant speed motor was used for driving both excitation and 
emission monochromators and it was coupled with the chart 
recorder motor while scanning, 

2,2. Experimental procedure 

A sample in the quartz cell was placed in the thermostatted 
cell holder maintained at 25 + 1°C, The light of excitation 
wavelength selected by M^ was focussed on the sample and the 
emission from the sample at a right angle was directed to 
The emission intensities at wavelengths selected by M 2 were 
measured from the Quantum photometer display. The complete 
emission spectrum was recorded by scanning M 2 . While scanning, 
the intensity of the excitation light source was checked often. 

To check the intensity of the excitation source, a solution 

of Rhodamine B in ethyleneglycol (3 gm/litre) was taken in a 

quartz cell of size 1 cm x 0,5 cm and was placed in C 2 at an 

angle of 45°. The emission was viewed from the back of the 

97 

cell (Fig 2.1). The advantage of this arrangement, is that if 
the incident radiation contains a small portion of "impure wave- 
lengths" not absorbed by the quantum counter (Rhodamine B solution), 
they are not registered by the detector (D 2 ) • The signal, detected 
by D 2 * was amplified by the electrometer amplifier. The constant 
reading in EA shows the constancy in the intensity of excitation 
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source. The intensity of the excitation source was always found 
to be constant during the time of scanning. 

For a low temperature run, the cell compartment was 
fitted with a low temperature accessory. The sample in the pro- 
per cell was placed in liquid nitrogen kept in dewar flask for 
some time till the bubbling of nitrogen gets reduced. Then, 
after removing the moisture condensed, the dewar flask with the 
sample was placed in the cell compartment. During scanning, 
dry air was passed to remove any moisture condensed. In the 
same set up, phosphorescence spectrum was obtained after fitting 
the chopper motor around the cell holder. 

The fluorescence excitation spectrum at room temperature 
can also be obtained by setting Mj at the fluorescence maximum 
and by scanning M^. Similarly the low temperature excitation 
spectrum can be obtained for fluorescence or phosphorescence 
after fitting the necessary accessories. 

The excitation and emission spectra thus obtained were 
uncorrected. The corrected spectra in the frequency scale ( V - ) 
were obtained wherever necessary. The observed emission 
intensities at different frequencies when divided by the 
correction factors determined (2.3) for those frequencies, yield 
the corrected emission intensities. The corrected spectra were 
obtained by plotting corrected emission intensities as a function 
of ~v . Automatic recording of thfe corrected excitation spectra. 
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linear in wavelength is possible in this instrument if the 
signal from the sample cell and the signal from the reference 
cell are fed into a recorder which can record the ratio of the 
two signals (Ratio recorder) . This part is indicated by dotted 
lines in the block diagram (Fig. 2.1). 

2.3. Correction Factors Determination 

In a spectrofluoriroeter, the intensity of the lamp# 
efficiency of the monochromator and the response of the photo- 
multiplier tube are wavelength dependent. So all spectro- 
fluorimeters record only an "apparent emission spectrum" and thos| 
which do not have automatic excitation correction accessory# 
record only an "apparent excitation spectrum". Such spectra, in 
some regions are grossly distorted versions of the true spectra. 
Even though the uncorrected emission spectra can be used for 
some experiments like fluorimetric titrations which are done 
at a particular wavelength, they are not useful in calculating 
quantum efficiencies and for reporting the fluorescence spectra 
of new compounds. Several methods have been described and used 
for the determination of correction factors by several 
authors. 74 ' 98 ** 102 All calibration procedures were done with 


150 W Xe 


lamp 
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2*3.1. Correction factors for the light source (150 W Xe lamp) - 
-Excitation Monochromator combination 

The principle of Melhuish* s 100 method was used for the 
calculation of correction factors Q ( X ) , since it is accurate 
and also convenient. 

A concentrated solution of Rhodamine-B, as described 
earlier, was used as a fluorescent screen. The emission was 
passed through a narrow band metal interference filter placed 
before D,,. It has a maximum transmission at 620 nm with a band 
width of 10 nm. The intensity of the fluorescence signal at 
620 nm is proportional to the intensity of the excitation light. 
This signal amplified by the electrometer amplifier, was recorded; 
by scanning the from 230 to 600 nm during which the slits of 
were kept at 1 mm ( 11 nm band width). The spectrum recorded 
is called the excitation system calibration curve and it is 
shown in fig. 2.3. This curve gives the relative intensities of j 

S 

•1 

the excitation light emerging from M at all wavelengths. These 

* ' i 

. | 

are the correction factors at different wavelengths i.e. Q (X). j 

This Q ( X ) was used for the calibration of emission system. j 

I 

2.3.2. Correction factors for the Emission Monochromator- IP 28 

photomultiplier tube combination J 

The calibration factors for M 2 were calculated from j 

230 to 450 nm for the low blaze grating and 350 to 550 nm for the! 

101 i 

high blaze grating as described by Chen. | 
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A quartz plate at 45° to the incident light was placed 
in C * The intensity of the incident light was reduced by 
adjusting the slit of M^» The slit of M 2 was set at 1 mm. 

One selected wavelength was set at the output of which 
was reflected by the quartz plate to M^. The M 2 was adjusted 
manually to give the maximum reading at the wavelength set in M^. 
This maximum reading at this wavelength is the relative response 
of the emission monochromator-photomultiplier combination and is 
denoted by R ( A ) . The maximum readings were obtained for each 
wavelength set at M^. This R ( X ) when divided by Q ( X ) deter* 
mined earlier, gave S (X), the emission correction factor at X . 

A plot of S ( X )V s X gives the emission spectral sensitivity curve 
or the correction curve as shown in fig. 2. 4 for the low blaze 
and the high blaze gratings. A flat region in the high blaze 
grating spectral curve shows that emission spectra with their 
maxima in this region do not need any correction. Since the 
corrected spectrum is generally plotted in the frequency scale, 
the correction factors for frequencies corresponding to the 
wavelengths were determined by 


s(v) = 


S(X ) 



These correction factors were used to correct the 
fluorescence spectrum of anthracene (5 x lCf 6 M in ethanol) , 
recorded using the low blaze grating and quinine sulphate 
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(2 x 10"^M iniN I^SO^) recorded using high blaze grating* The 
corrected spectra thus obtained are shown in figs 2.5 and 2.6. 

They match exactly with the spectra reported in, the literature'*^ 

2.4. Cell modification 

A modification of the fluorescence cell which increased 
the intensity of emission more than two fold was carried out. 

A quartz cell was coated under vacuum with a thin film of aluminium 
on the outer surfaces of two adjacent sides. The mirror is ed 
surfaces were then coated with paraffin wax to prevent the removal 

104 

of the metal layer during handling. Although silver is a 
better reflecting material (88-93%) than aluminium* the latter 
is preferred as it is not easily corroded. 

The mlrrorised cell has certain advantages over a simple 
cell which are as follows: 

(a) The excitation light is made to pass through the solution 
twice by the reflection of the mirror surface. 

(b) In addition to the observed emission at 90°, the emission in 
the opposite side is also reflected. This increases the detection 
angle for emission. 

Uncorrected fluorescence spectra of anthracene taken in 

l 

mirrorised as well as non-mirrorised cells are shown in fig 2.7. 
The fluorescence intensity has increased by more than a factor of 
two in mirrorised cell without any change in the shape of any 




Fig. 2-5 Corrected Fluorescence spectrum of 
Anthracene (5X1CT 6 M in ethanol ) 
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of the bands. Signal can also be increased by using concave 

103 

mirrors with a different cell compartment design , but our 
modification is much simpler and can be easily incorporated in 
any spectrofluorimeter. 

There could be an error in the observed spectrum resulting 
from self absorption of the emitting radiation if the sample is 
highly fluorescent and the absorption and fluorescence spectra 
overlap with each other. This can be overcame by using a very 
dilute solution for the emission measurements. Scattering of 
light is not very much different from that in the ordinary cell 
except at the wavelength of excitation which does not affect the 
emission spectrum significantly. This scattering can also be 
avoided by placing filters in front of 

This cell is much more useful for the less absorbing and 
less fluorescent samples. It also gives a very high sensitivity 
for highly fluorescent compounds by making their fluorescence 
measurable at very low concentrations. 

2.5. Other Instruments 

All absorption spectra were recorded in a Cary 17D 
spectrophotometer. Absorption measurements used for the deter- 
mination of the ground state pK & values were made in Beckman 
DU/Toshniwal Spectrophotometers . Hydrogen ion concentrations (pH) 
of various solutions employed were measured using a Toshniwal 
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pH meter model CL 44A. Standard buffer solutions were used 
for the calibration of the pH meter. 



CHAPTER - 3 


MATERIALS AND METHODS 

3.1. Materials 

Pyrazole was obtained from Koch-Light laboratories. 
9-Aminophenanthrene, 5-aminoindazole, 9-hydroxyphenanthrene and 
Rhodamine-B were obtained from Aldrich Chemical Company. These 
compounds were purified by repeated crystallisation from suitable 
solvents. AnalaR grade sodium hydroxide/ sulphuric acid, 
perchloric acid, hydrochloric acid, acetic acid, phosphoric acid, 
and sodium acetate were used as such. The following compounds 
were synthesised in the laboratory as per the procedure given in 
the literature. 

105 

3 , 5-Dimethvlpyrazole Equimolar quantities of acetylacetone 

and hydrazine hydrate in ethanol were mixed and stirred at room 
temperature. The mixture was heated and refluxed for half an hour. 
The cooled solution was poured into a saturated brine solution 
and the yellow oily liquid was extracted with ether. The dried 
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ether extract on evaporation gave the desired product which on 
crystallisation from petroleum-ether (60°C) gave pure 

3. 5- dimethylpyrazole as colourless plates, with a m.p. 106°C. 

1-Phenyl 3, 5-dimethylpyrazole x was prepared by treating 
equimolar quantities of acetylacetone and phenyl hydrazine and 
refluxing the mixture for an hour. The resulting compound was 
separated by collecting the fraction between 157-161°C under a 
pressure of 24 mm. The compound was further purified by low 
pressure distillation and was kept in refrigerator. 

107 

1.3. 5- Triphenylpyrazole was prepared from chalcone 

(benzal acetophenone) . A solution of chalcone (8.32 gm in 80 ml 
methanol) was treated with 12 ml of 15% and 5 ml of 2M NaOH. 

The mixture was stirred in a water bath maintained below 30°C. 

After a short time colourless crystals of chalcone epoxide were 
formed. 4.8 gms of dried chalcone epoxide was treated with 

2.8 ml of phenyl hydrazine in glacial acetic acid. The solution 

was warmed to 60 °C, stirred for half an hour and kept at room 

temperature. Yellow crystals of 1,3, 5-triphenylpyrazole appeared 

after 6 hours. This compound was purified by recrystallisation from | 

o 

1:4 mixture of benzene and isooctane; m.p. 137 C. 

108 

3 -Methyl - 5-phenylpyrasole : Benzoyl acetone and hydrazine 
hydrate were treated in equimolar quantities in benzene and 
stirred for one hour at rocsn temperature. Crystals of 3-methyl- 
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5-phenylpyrazole separated. The compound , on recrystallisation 

o 

from benzene-petroleum- ether mixture, melted at 121-122 C. 

*1 08 

l , 5-Diphenyl-3-methylpvrazole x : Benzoyl acetone in benzene 
was treated with 1.5 times phenyl hydrazine at 30-45°C. The 
mixture was stirred for half an hour at 50°C. The solvent was 
evaporated and cooled to get crystals which on recrystallisation 
from benzene-petroleum- ether mixture, melted at 63 °C. 

9 . 10- Phenan thro imidazole 109 was prepared by a general Imidazole 
synthesis. A mixture of phenanthroquinone (4.1 gm) , hexamine 
(0.52 gm) and ammonium acetate (12 gm) in glacial acetic acid 
was heated under reflux for one hour. The resulting solution 
was added to water, and bafiif led with a concentrated ammonia 
solution. The precipitated product was separated and purified 
by recrystallisation from pyridine- water; m.p. 299°C. 

Benzimidazole 109 was prepared by the same method as described for 

9. 10- phenanthroimidazole from benzil, hexamine and ammonium 
acetate. It was purified by recrystallisation from water 

m. p. 169°C. 

110 

Other compounds such as 3 , 5-diphenylpyrazole, 
indazole 111 and 4, 5-diphenylimidazole 111 were obtained from 
organic laboratories and purified by recrystallisation from 


suitable solvents. 
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The solvents were purified by the methods described 
below. 112 

B.D.H. laboratory reagent hexane was treated two times 
with an equal volume of nitrating mixture (58% weight cone. H^SO^, 
25% weight cone. HNO^ and 17% weight water) and shaken machani- 
cally for 8 hours. The separated hydrocarbon layer was washed 
with cone. then with water and dried with sodium hydro- 

xide. After drying again with sodium wire it was distilled and 
kept over sodium wire. 

B.D.H. cyclohexane was passed through a 11 mm diameter 
50 ml burette filled with 40 g silica gel to remove benzene, 
paraffinic hydrocarbons and carbonyl compounds. This was 
fractionally distilled over sodium at 80°C. 

Spectrograde methanol, and chloroform (BDH) were used 
as such* AnalaR grade acetonitrile (E-Merck) was further 
purified by fractional distillation over at 8i.5°C. 


3.2. Purity of Materials 

All the compounds were checked for their purity by thin 
layer chromatography and ultraviolet spectra, in addition to 
their sharp melting points which were in agreement with the 
reported values. The fluorescent compounds were further tested 
by their same emission maxima with different excitation 
wavelengths. The purity and the transparency of all solvents 



39 


were checked by their ultraviolet spectra taken by using triple 

<* 

distilled water as the reference. 

3.3. Adjustment of pH, and the Acidity or Basicity scale 

The pH of various solutions were adjusted by adding either 
H 2 S0 4 or NaOH. The low and high concentrated buffer solutions 
at required pH were prepared by using acetate or phosphate 
buffers. Selection of buffers was made according to the required 
pH range and to their maximum transparency in the analytical 
wavelength, 

Hammett's acidity scale (H ) was used for the solutions 

with pH below 1. To measure the strength of very weak bases# 

11 

Hammett used a succession of strongly acidic solvents# such 

as mixtures of hydrochloric# nitric# perchloric or sulphuric 

acids with water and developed a H q scale# determined by using 

a series of indicators. This scale has been reviewed by 
113 

Paul et al., • Later this has been modified for H^SO^-H^O 

114 

mixture by Jorgenson and Hartter with a good selection of 
indicators. We have used this modified H Q scale in this study. 

Similarly with indole derivatives (very weak organic 

115 

acids) as indicators# Yagil constructed a H_ scale for 

aqueous sodium# potassium and lithium hydroxide solutions by 

using Hammett's indicator acid concept. With this scale he 

determined the pK of very weak organic acids like pyrrole# 

3l 



40 


pyrazole and imidazole etc. We have used the sodium hydroxide 
H scale for the compounds whose pK and pK are above 13. 

3*4. Ground state Acidity constant 

Absorption spectra of an acid and its conjugate base 
were different enough that clear isosbestic points could be 
obtained in each equilibria except that of the deprotonation 
of 9-phenanthryl amine. Two sets of wavelengths on either side 
of the isosbestic points were selected and absorbances at these 
X 1 s were measured. Calculation for different set of X*s were 
also done separately. The concentration of each species at a 
different pH was calculated from the following equation 

A( Xj e,( X J - A( X ) £ ( X ) 

Ci . —3.1 

C 2 = C T -C 1 ... 3.2 

where C T is the total concentration of the compound in both forms 
and €^( X^) , X 2 ) # X^) and ^ ^2^ are the molar 

extinction coefficients of species 1 and 2 at wavelengths X^ 
and X 0 respectively. The latter were determined from the 
absorbances at a pH^ pK & + 2 where only one species is present. 
The pK & for the equilibrium 
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BH | Ni B“ + H + BH - species 1 

B - species 2 

was calculated by using the equation 

C ! 

pK a = pH + log 

C 2 

or pH = pK + log ~ ... 3.3 

1 

( -'2 

The intercept of the plot between pH and log ~ gives pK . 

C 1 a 

3.5. Excited state Acidity constants 

For the determination of pK a of a singlet excited state, 
four methods are available and theyhave been discussed by several 
authors. All these four methods have been used in 
this work: depending upon their suitability to the compounds. 

They are described below briefly. 

3.5.1. Fluorlmetric titration 

In this method fluorescence of a given sample is measured 
at a chosen X as a function of pH. If both species involved in 
the equilibrium are fluorescent and if they are excited at 
isosbestic wavelength, fluorescence becomes a valuable tool for 
the measurement of the concentration of each species and its 
variation with acidity. Thus the relative fluorescence 
intensities ( I/I Q ) at the analytical wavelength can be determined 
as a function of pli/H^H^ If the prototropic equilibrium is 
established within the lifetime of state, a plot of I/I 0 
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against solution acidity will give a sigmoid curve whose point 
of inflection is a measure of the dissociation constant in the 
excited state. If on the other hand, the prototropic equili- 
brium is not established in the excited state before the 
emission takes place, i.e. if the rate of fluorescence is 
relatively too fast, the sigmoid curve represents only the 
ground state acid-base equilibrium. Generally this occurs if the 

it 

lifetime of the excited species is short and/or if the pK falls 
in the mid pH region. In the latter case, even if the rate 
constant for the proton transfer is very large, the rate of the 
reaction will be slow due to the less concentration of protons. 

The rate of proton transfer in the excited state can be increased 
by the addition of buffers. The effect of buffers has been 
analysed in detail^' and it has been shown that concentrated 
buffers help in achieving the excited state equilibrium provided 
buffer ions do not quench the fluorescence of the excited species. 
We have used different concentrations of phosphate buffers to 
study their effect on the excited state equilibrium of a few 
compounds (Chapter 7) . 

3.5.2. Forster Cycle 

Forster^ 4 developed a thermodynamic cycle which is based 
upon the thermodynamic equivalence of all routes from the ground 
state of the acid to the thermally equilibrated state of the 
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conjugate base* For the equilibrium 

BH ^ B“ + H + 

T 

the energy level diagram is shown below 



From the figure it is clear that there are two mechanistically 
different but energetically equivalent path ways from the 
ground state acid BH to the excited state base B , So it 
follows that 

AE + Ah* = A E* + Ah ...3.4 

where A E and A E' are the energy changes depicted in the 
figure. Enthalpies of acid ionization in the ground and 

ik 

excited states are, respectively, A H and AH. Their 
difference can be expressed as 
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AH- AH =(AG+TAS)-(AG + 


■afc 

T A S ) 


3.5 


where A G and A S are the free energy and entropy changes 
respectively (excited state values are denoted by asterisks) . 

it 

Assuming is = A s , it follows from 

A g° - AG* = - RT(ln K & - In K*) ... 3.6 


that 

- RT(ln K - In K*) = A e - A £’ 
2L a 



A E - A E 1 
2.303 RT 


Nhc 


2.303 RT 


( V - V ’ ) 


At 25 C it becomes 


• • * 3.7 


pK - pK* = 2.1 x 10" 3 ( V - V ') ... 3.8 

ct SL 

where v and v 1 are the wavenumbers of 0-0 transition from 

iV it 

BH to BH and B** to B** respectively. These wavenumbers can be 
determined from either absorption or emission spectra. Knowing 
v and v 1 and pK^, pK^ can be calculated. 


(a) Averaging the absorption and fluorescence 

The Forster cycle is a priori applicable only to the 0-0 
vibrational bands of either absorption or omission spectra. If 
the absorption and emission spectra are structured for both BH 
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and B forms then v and v 1 can be determined to a fair 
accuracy from the long wavelength absorption and short wavelength 
fluorescence maxima. But generally the absorption and emission 
spectra of both forms are not structured, and the position of 
the 0-0 band is unknown. In order to overcome this difficulty, 
an average of the absorption and the fluorescence maxima can be 
used to obtain 0-0 transition energy, assuming a mirror image 
similarity between absorption and fluorescence spectra and equal 
displacements of absorption and fluorescence maxima from the 0-0 
band. Thus eg. (3.8) becomes 


pK a - pK* = 2.10 x IQ' 3 ( ? ave - 


V* ) 

ave 


• * * 3*9 


v 


where 


v 


ab 


v 


flu 


ave 


v 


v w 


ab 


+ y 1 


flu 


ave 


(b) Absorption only 


This method presumes that the maxima of the absorption 

bands of the acid and its conjugate base occur at an equal 

amount above the 0-0 transition* If this is true, absorption 

spectra alone can be used in the Forster cycle to determine 

pK and the eq, (3.8) becomes 
a 


pK - dK* = 2.10 X 10~ 3 ( V 
* a ~ a 


- v ' ) 

abs abs 


... 3.10 
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(c) Fluorescence only 

This method makes the same assumption concerning the 
maxima of the fluorescence bands of acid and its conjugate 
base. Thus 


pK - pK* = 2.1 x 10“ 3 ( v 
a a 


„ v' ) 
flu flu' 


3.11 


i k 

The accuracy of the pK^ obtained by the three different 
Forster cycle methods depends upon the validity of the assum- 
ptions made. These assumptions and their validity have been 
discussed in great detail. 41 ' 11 ^ 


3.6, Triplet State Acidity Constants 

Triplet state acidity constants can be determined in 
much the same way as described for the state. Energies of 
the triplet states of both acidic and basic forms of the molecule 
above the ground state must be determined from phosphorescence 
because in most of the cases the S Q • — — — ^ T^ absorption spectra 
can not be observed as it is spin forbidden. Since phospho- 
rescence is generally observed at 77K, the spectrum is mostly 
structured. This helps in locating the 0-0 band as the shortest 

He 

wavelength peak. If pK is known pK can be calculated from the 

cL JL 

equation 

pK a ” pK T = 2.303 RT ' v phos ~ v phos 


• * • 


3.12 



CHAPTER - 4 


SOLVENT EFFECTS ON ABSORPTION SPECTRA 

4.1. Introduction 

Absorption spectra of organic molecules in solution can 
be different from their spectra in vapour phase, since in the 
latter they behave nearly as isolated molecules, especially 
at low pressures. The spectra in a non-polar solvent in which 
the intermolecular interactions are minimal, approximate the 
vapour phase spectra. Depending upon the nature and the extent 
of solute - solvent interactions the spectral shape, maxima and 
intensity change f'2-5,7,95 

Solute- solvent interactions are of two types, 

( a) dispersive and (b) hydrogen bonding. In the former the 
lowering of energy is produced by electrostatic interaction of 
permanent/ induced dipole of solvent with ground/ excited state 
dipole of solute. The effect of this interaction on the 
absorption depends upon whether the solute becomes more or less 
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polar as a result of excitation. If the solute molecule 
becomes more polar, as in most n - n * transitions, the dipole- 
dipole interaction lowers the energy of the Franck-Condon (FC) 
excited state relative to the ground state and the effect is a 
red shift in the absorption spectrum, increasing with solvent 
polarity. The converse is true if the polarity of the solute 
decreases upon excitation. 

Hydrogen bonding interactions can be further classified 
as hydrogen donor and hydrogen acceptor interactions. In the 
hydrogen donor interaction lowering of energy is produced by 
the electrostatic interaction of positively polarised hydrogen 
of the solvent with the lone pair of electrons on a basic atom 
of the solute in the ground or excited state. If during 
excitation, the electron density migrates away from the basic 
atom, (eg. n- H* transition), formation of hydrogen bond opposes 
this migration. As a result, the energy separation between FC 
excited and ground states increases and a blue shift is observed 
with an increase in the hydrogen donor capacity of the solvent. 
On the other hand if the charge migration occurs towards the 
basic atom upon excitation, (eg. rr - n* transition) , energy of 

the .FC excited state is lowered and a red shift is noticed 

* 

with increasing hydrogen donor capacity of the solvent. 

In the hydrogen acceptor interaction, chemical energy is 
produced by the electrostatic interaction between the lone pair 
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of the solvent with the positively polarised hydrogen atom of 

the solute molecule* The effects would be opposite to what 

have been discussed for the hydrogen donor interaction. Hydrogen 

bond acceptor solvents cause red shift when solvating solutes 

at atomic sites which lose electron density in the FC excited 

state, and cause blue shift when solvating solutes at atomic 

sites which gain electron density in the FC excited state. 

If only hydrogen bonding interactions are present, shifts in 

the ^ max with change from a non-pol ar to a hydrogen bonding 

solvent are related to the strength of the hydrogen bond in the 
118 

ground state. 

The dispersive and hydrogen bonding interactions may 
alter the geometry of a molecule. The change in the geometry 
of the molecule due to interaction with the solvent in the 
ground state would also be reflected in the absorption spectra. 
Generally a combination of these effects is present but some 
times one may overweigh the other. 

In this chapter an analysis of the shape and the shifts 
in the absorption spectra of a set of twelve compounds, consis- 
ting of seven pyrazoles, two imidazoles, two phenanthrenes and 
5-aminoindazole are presented. Poor solubility of many of 
these compounds in certain solvents restricted the analysis of 
the changes in their molar absorptivities. The nonpolar solvents 
used were hexane and cyclohexane and the polar solvents used 
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were (hydrogen bonding solvents) acetonitrile# methanol and. 
water. This investigation of solvent effect was undertaken to 

(a) study the steric effect caused by the solvent interaction 

with pyrazoles and 4# 5-diphenylimidazole , 

. . * 

(b) explain the discrepancies in the pK & calculated by the 
Forster cycle method using the absorption data (see chapter 6) * 

( c) study the shifts in the X during protonation or deproto- 

max 

nation since these processes are the extremes of hydrogen bonding# 

(d) compare the solvent effect on absorption and fluorescence 
and find out the difference (see chapter 5). The differences 
can give information on the nature of solute- solvent interactions 
and geometries of the solute molecules in the excited as well 

as the ground states. 

4.2. Results and discussion 

4.2.1. Pyrazoles and 4 , 5-diphenvlimidazole 

Absorption spectra of seven pyrazoles and 4# 5-diphenyl- 
im id azole in solvents of different polarity are shown in 
figs. 4.1 - 4.8. The X values are given in Table 4.1 along 
with the values for the corresponding cations and/or anions. 

A red shift is observed for pyrazole and its 3# 5-dimethyl 
derivative while a blue shift is observed for other pyrazoles 
and 4# 5-diphenyl imidazole with increasing polarity and hydrogen 
bonding ability of solvents. 
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Fig. 4-3 Absorption spectra of l-Phenyt-3, 5-dimethylpyrazole 
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The red shift mentioned above is in accordance with the 
shift observed in ft - transition. Theoretical calculations 119 
on pyrazole and the experimental data on 3-aminopyrazole 120 and 


other pyrazoles 122 ' 125 have shown ^ the lowest bana 


in pyrazole and alkyl and phenyl substituted pyrazoles is due 
to 71 - Jt * transition. The blue shift for the other compounds 
can be explained by the steric effect caused by the solvents. 

In 1-phenyl- 3 , 5-dimethylpyrazol e, 1, 5-diphenyl- 3-mcthylpyrazol e 
and 1,3, 5-triphenylpyrazole, the solvent interacts with the lone 
pair of the ring nitrogen atom at the 2-position and this 
interaction is similar to the formation of a partial bond. The 
phenyl group attached to the nitrogen atom at the 1-position 


thus experiences an ortho effect 126 , as observed in biphenyl and 

6 


other related compounds. Consequently phenyl group undergoes a 
rotation through the single bond and it is no longer in the 
same plane as the pyrazole ring. As a result, the Jt —conjugation 
of the phenyl group with the pyrazole ring is lost and a blue 
shaft results. The blue shift with increasing solvent polarity 
is maximum for 1-phenyl -3, 5-dimethylpyrazol e but decreases with 
an increase in the number of phenyl groups attached to the 
pyrazole ring. As the number of phenyl substituents increases, 
some of them are in conjugation and the effect of solvent is not 
large. 
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In the three pyrazoles mentioned above / the steric effect 

1. 2 6 

already present 1 due to adjacent groups is further enhanced 
by solvent interaction. But in 3 , 5-diphenylpyrazole and 
3-methyl- 5-phenylpyrazole, the substituents are so. far away 
from each other that the steric effect is created only by 
solvent interaction. Also the solvent molecules can interact 
with the nitrogen atom either at 1-position or at 2-position. 

In these molecules hydrogen bonding interactions at both 
position lead to red shift whereas steric effect caused by 
solvent interactions lead to blue shift. The small blue shift 
observed for both pyrazoles mentioned above shows that steric 
effect overweighs the hydrogen bonding effect* The blue shift 
in acetonitrile solution is less than that in methanol/ though 
the dielectric constant of the former is greater than the latter. 
This is because the linearly structured acetonitrile cause less 
steric hindrance. This again shows that steric effect is 
relatively more important in these compounds. 

In 4/ 5-diphenyl imidazole both phenyl groups are present . 
at adjacent positions/ and the molecule gets more crowded by the 
solvent interaction resulting in a significant blue shift. 

4.2.2. 9. 10 -Phenanthro Imidazole (PI) 

Due to poor solubility of this compound in solvents like 
hexane and water, the longer wavelength peaks were absent in 
hexane and their resolution was poor in water. Absorption 
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spectra of PI at two different concentrations (lx lCf 4 M and 
1 x 10 M) in different solvents were recorded (Fig. 4.9) • The 
X max are given in Table 4,2. As the molecule is rigid, the 
structure is not lost even in polar solvents. All absorption 
bands except those at 252.5 nm and below are blue shifted. This 
blue shift can not be attributed to the steric hindrance by the 
solvent molecule. It can not be due to n- 7t* transition either 
because of the following reasons. (i) The extinction coefficienl 
of all the bands are large. (ii) At room temperature, fluores- 
cence is generally observed if the transition is re - n * and 

121 

phosphorescence is observed if the lowest transition is n- n* * 
The observed emission spectra (chapter 5) indicate that the 
longest wavelength bands as well as others are due to n - rt * 
transition. 

Hence the blue shift observed in PI is explained as 

follows. The lone pair on one of the imidazole nitrogen atom 

of PI is perturbing the n -cloud of the phenanthrene moiety 

resulting in a charge migration from the imidazole ring during 

129 

excitation as in aminophenanthrene. Since this process xs 

opposed by the hydrogen donor interaction of methanol and water 
with the lone pair on the nitrogen atom, absorption spectra in 
those solvents are blue shifted relative to acetonitrile which 
is a weak hydrogen acceptor solvent. The absorption spectrum of 
the protonated phenanthro imidazole is further blue shifted and 
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127 

resembles that of phenanthrene. This confirms the above 
explanation. 

4.2.3. 9-Aminophenanthrene 

Absorption spectra of this compound in different solvents 

are displayed in fig. 4.10 and the X are reported in Table 4. 

Solvent Interaction with this compound is interesting. Amino 

group attached to the phenanthrene moiety can interact with a 

hydrogen donor solvent through its lone pair or it can interact 

with a hydrogen acceptor solvent through its hydrogen atctn. 

A blue shift in the former and a red shift in the latter relativ 

to the maxima in hexane are expected. From the spectra in 

figure 4.10 it is clear that band at 249.5 and 312 nm in hexane 

are blue shifted in methanol and water indicating that hydrogen 

donating tendency of these solvents overweighs their hydrogen 

accepting nature. The red shift observed in acetonitrile must 

be due to its hydrogen accepting nature. Since the longer 

wavelengths band was not observed in some solvents due to poor 

solubility of the compound, the shift in that band could not be 

ascertained. Absorption spectrum of the protonated form is j 

12 ' 

significantly blue shifted and resembles that of phenanthrene, 
reiterating our conclusion about soluto-solvent interactions. 
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4.2.4. 9-Hydroxyphen arrthrene 

Due to the presence of many absorption bands with 

different for this compound, the A in each solvent 

max max 

could be located only by recording spectra at different scales 

with 10“ 5 M solutions. As it is difficult to represent spectra 

in all solvents with all maxima, only the absorption spectrum 

in hexane is shown in fig. 4.11 and the A max in each solvent 

are listed in Table 4.2. When compared to the values in hexane, 

A in other solvents are red shifted, but the shift is not 
max 

regular either with polarity or hydrogen bonding ability of the 
solvents. The red shift in methanol is more than in acetonitrile 
showing that hydrogen bonding interactions are more dominant 
than dispersive interactions. But in water a blue shift is 
observed relative to the maxima in methanol. 

As in 9— aminophenanthrene, the solvent can interact eithei 
with the lone pair on oxygen or with the hydrogen atom of the 
hydroxyl group, resulting in a blue or a red shift respectively. 
In hydroxyphenanthrene the charge transfer interaction of the 
hydroxyl group is less as is clear from its structured absor- 
ption spectrum in comparison to that of 9 - aminophenanthrene.. 
Moreover due to the high polarity of 0-H bond the solvent 
interaction with the hydrogen atom of the solute must be more 
than the solvent interaction with the lone pair. This would 
explain the red shift observed in acetonitrile and methanol. 
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When, compared to methanol* a bine shift is observed in water 
indicating the hydrogen donor interaction due to its greater 
hydrogen donating capability than methanol. 

4.2.5. 5- Amino indazole 

Absorption spectra of this ccxnpound in different solvents 

are shown in fig. 4.12. The X are given in Table 4.2 along 

max 

with the corresponding values for indazole for comparison. The 
amino group interacts with the tt cloud of indazole ring and 
as a result * vibrational structure of the spectrum is lost. 

The broadness and the red shift of the absorption spectrum 
relative to the indazole spectrum suggest charge transfer from 
the aminogroup to the ring as in 9-aminophenanthrene. In 
indazole* 128 the small red shift with the solvent polarity is 
<3,U0 to the usual effect on tt — tt * transition* But amino indazol 
undergoes a blue shift in methanol and water (hydrogen donor 
solvents) and a red shift in acetonitrile (a hydrogen acceptor 
solvent) relative to hexane* This shows that the solvent j 

interaction in the ground state is only at the amino group* Xn 
the extreme case of hydrogen donation i*e* protonation of the 
amino group# the absorption spectrum is blue shifted relative to , 
am inoind azole and resembles the spectrum of indazole (Fig. 6.13) 
This adds to the further confirmation that the site of solvent ; 
interaction is at the aminogroup in the ground state. 







CHAPTER - 5 


SOLVENT EFFECTS ON FLUORESCENCE SPECTRA AND 
LOW TEMPERATURE EMISSION STUDIES 


5.1. Introduction 


Fluorescence spectra of organic molecules in solution 


depend upon the nature of solvents. Shifts in the \ 


max 


shap es 


of the bands and the relative intensities of absorption and 
fluorescence spectra in solvents of different polarity and 
hydrogen bonding ability/ provide a clue on the nature of 
interactions with the solvents, nature of the excited state and 
the change in geometry of the molecule upon excitation. The 
solvent effect has been reviewed by several authors in 
detail. 15 ~ 22/26 ' 28/54/95/103/130 Therefore, only a brief 

summary is given below. 


The influence of a solvent upon fluorescence or phospho- 
rescence of a compound can be quite different from that observed 
for the UV absorption spectrum of the same compound. This can 
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be explained on the basis of the Franck-Condon principle. 
Representative energy level diagrams, along with the implications 
of this principle are shown in fig. 5.1 (a and b) , These 
figures illustrate the relative magnitudes of different kinds 
of relaxations in the ground and electronically excited states in 

(a) a molecule in which dipole moment increases (fig. 5.1. a) 

(b) a molecule in which dipole moment decreases (fig. 5.1. b) , 
upon excitation. 



Fig. 5.1. Energy level diagram 


E and E_c are the spectral absorption and fluorescence energies, 
a f 

FCE and TRE are the energies of Franck-Condon and thermally 
relaxed excited states respectively. FCG and TRG are the 
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corresponding energies for the ground states. VRE and VRG are 
the energies of thermally relaxed excited state and the FC 
ground state when vibrational relaxation is the only thermal 
relaxation mechanism (i.e., if the fluorescence was measured in 
a rigid matrix so that solvent relaxation was impossible in 
ground or excited state) . 

Fig. 5.1. a closely resembles the behaviour of the 
compounds selected for our study because in all our compounds 
- rr* is the lowest energy transition which is accompanied by 
a large increase in dipole moment. 

* e. 

When a molecule is electronically excited, it ends up 

in FCE, in which the solute molecule is still in the environment 

of the ground state. Subsequently, due to change in electronic 

charge distribution in the solute molecule, reorientation of 

solvent cage or making and breaking of hydrogen bonds take place. 

Since this is similar to the vibrational motions, this act is 

complete within a period of 10" 14 - 10” 12 sec and the molecule 

—8 

attains TRE within the life time of the excited state 10“ sec). 
Consequently fluorescence originates from TRE which is lower in 
energy than FCE and VRE. When fluorescence occurs, it terminates 
in the FCG in which the solute molecule is still in the excited 
state environment, due to the rapidity of the electronic 
transition. Rapid solvent relaxation then occurs and the solute 
molecule ends up in the ground state solvent cage (TRG) . The 
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FCE is higher in energy than the TRE,and TRG is lower than FOG. 
Therefore fluorescence occurs often at considerably longer 
wavelengths than expected purely on the basis of vibrational 
relaxation in polar solvents. As a result# the 0-0 bands of 
absorption and fluorescence do not coincide. 

Thermal relaxation in the excited state includes vibra- 
tional# solvent and geometry relaxation. At a given temperature 
fluorescence spectrum depends upon these relaxations. All these 
processes influence the fluorescence maxima simultaneously and 
thus a study of their effect individually becomes difficult. 

Yet a careful analysis of the spectrum can provide valuable 
information regarding these processes. 

Vibrational relaxation would be present in all kinds of 
solutes and solvents. But the magnitude of this relaxation 
depends upon of the structure of the solute molecule. In the 
absence of hydrogen bonding# polarity of the solvent affects 
the fluorescence spectrum. In a n - n * transition# in which 
dipole moment increases upon excitation (Fig. 5.1, a)# solvent 
relaxation in the excited state increases with an increase in 
the polarity of the solvent. Therefore the fluorescence spectrum 
of the molecule tends to show a greater wavelength dependence on 
solvent polarity than the absorption spectrum. Fluorescence 
maximum in such a case is usually red shifted with increase in 
solvent polarity. 
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Effects of hydrogen bonding of solvent on fluorescence 
spectra are more involved than that of solvent polarity. Prom 
an extensive study of hydrogen bonding effect, it was shown that 
hydrogen bonding can affect the intensity and X of fluores- 
cence in several ways. l8 ' 95 ' 102 ' l03 ' l3 °* 137 p 0 r example, in 
case of aromatic compounds containing electron— donor substituents 
like -OH and -N^ groups, hydrogen donor solvents partially 
inhibit the lone pair on these substituents from participating 
in the excited state charge transfer interaction with the ring. 

As a result, fluorescence maxima get shifted to higher frequencies 
when compared to the maxima in non-pol ar solvents. In hydrogen 
acceptor solvents on the other hand, fluorescence maxima of the 
solute molecules are red shifted relative to the maxima in non- 
polar solvents due to the increased charge transfer interaction 
of the lone pair with the ring. Effects of hydrogen donor/ 
acceptor solvents on the fluorescence of the aromatic molecules 
containing electron withdrawing groups such as ^C=0 are opposite 
to those in the compounds containing electron-donating groups. 

In general, the effects are similar on absorption and fluorescence 
spectra. But in some cases, like aromatic amines, the solvent 
shifts in absorption and fluorescence maxima are opposite to 
each other for the same series of solvents. This is found to be 

due to the difference in site of hydrogen bonding interaction in 

28 13 

the excited state from the ground state. ' 
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In addition to the solvent relaxation# if a molecule 

undergoes a change in its geometry, the shape and k of the 

max 

fluorescence spectra are affected, Berlman^ has discussed 
the empirical correlations that exist between spectroscopic 
properties (solvent effects on absorption and fluorescence, 

Stokes shift, mirror- image similarity etc.) and the planarity 
of a molecule in a given electronic state. He has classified 
the aromatic ring- ring chain compounds into five categories 
depending upon their conformations in the ground and excited 
states. From a study of their spectroscopic properties, it is 
possible to detect the differences in the ground and excited 
state geometries and to assign a molecule to one of the five 
categories. 

Luminescence spectra have been studied at low temperature 
(77K) and such studies, due to the rigidity of the medium help 

(i) in obtaining the fluorescence spectra of a molecule which 

otherwise is not possible due to some excited state processes 

139 

(photo reaction, solute-solvent complex formation etc.) 

13 8 140 

(ii) in analysing the molecular vibrational frequencies, ' 

In this chapter we analyse the fluorescence spectra of five 
pyrazoles, 4, 5-diphenylimidazole (DPI), 9-hydroxyphenanthrene(HP) , 
9-aminophenanthrene (-AMP) and 5-aminoindazole (AI) in different 
solvents, at different pHs, where a cation or anion is exclusively 
present, and at temperatures 298K and 77K. 
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5.2. Results and discussion 


5.2.1. Pyra 2 oles and 4, 5- diphenyl dun id azole 

Fluorescence spectra of l-phenyl- 3 , 5-dimethylpyrazole 
(PDP) , 1, 5-d ipheny 1-3 -methylpyr azole (DPMP) , 1, 3, 5-triphenyl- 
pyrazole (TPP), 3, 5-diphenylpyrazole (DPP), 3 -methyl- 5-phenyl- 
pyrazole (MPP) and 4, 5-diphenyl imidazole (DPI) were studied in 
different solvents and pHs at 298K. The spectra are shown in 
figs. 5.2 - 5.7. The concentrations of -most of the compounds 
wore kept equal in all solvents except for some compounds whose 
solubility is poor in certain solvents. The fluorescence 
maxima of all the compounds in different solvents are listed in 
Table 5.1. Except for DPMP, TPP and DPI, the X m ax^ of 
cations and/or of anions of the compounds are also included 

in Table 5.1. 


An analysis of the fluorescence spectra of these 
compounds show that there is a regular red shift and a decrease 
in relative fluorescence intensity with an increase in the solvent 
polarity except for MPP. Fludrescence spectra of DPP and MPP 
exhibit vibrational structure in cyclohexane/hexane but not in 
polar solvents. Fluorescence of DPP 4 and MPP + are quite intense 
while that of PDP + is very weak. Fluorescence of DPMP could 
not be detected. Cations of TPP, DPMP and DPI seem to behave 
strangely on excitation and are discussed separately. A quenching 
of MPP 4 " fluorescence by chloride ion (Cl") has been observed and 

is analysed further (5.2.1,‘d)'. 




Acetonitrile 

Methanol 

Water 




Fig, 5 -5 Fluorescence spectra of 3,5-Diphenylpyrazole in different solven 











Table - 


Fluorescence maxima (cm -1 ) of Py 
Imidazole in differe: 


Compound 


Hexane 


Acetonitrile 


PDP 

33388 

32786 

DPMP 

27173 

26315 

TPP 

27397 

27000 

DPP 

33167 

3l796(m) 

30581 

29325(s) 

30534 

MPP 

34188(s) 

33250 

3 24 14 (m) 

3 2840 


DPI 


27510 


27210 
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Acid ; Alkaline 
medium ! medium 
(cation) I (anion) 


3 2786 3 2414 3 2051 

26315 25806 

27100 26882 

30864 29498 28901 27027 


33003 33057 32051 27027 


27 247 


26881 


24813 
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Fluorescence from pyrazoles and 4, 5-diphenyl imidazole was 
observed in all solvents at room temperature. According to 
Kasha’s rule , at rocm temperature the fluorescence is generally 
observed if re - rr* is the lowest excited singlet state and 
phosphorescence is the main emission if n— 7 t * is the lowest 
excited singlet state in aromatic compounds. The difference in 
energy observed between the first excited singlet and triplet 
states are quite large, i.e., E g -E T 9000 cm” 1 . This difference 
is much larger than for n- n * transitions for which the difference 
is of the order of 3000-4000 cm These results and earlier 
results in chapter 4 show that the lowest emitting state in all 
these solvents is tt - n * singlet. 

The tc - n * transition is followed by an increase in 
dipole moment of the molecule. This increases the electron 
density at the pyridine nitrogen atom and decreases the electron 
density at the pyrrolic nitrogen atom. So the solvent intera- 
ctions at both nitrogen atoms will be strong and will lead to 

a red shift which is observed for most of our compounds. For 

★ 

MPP the solvent effect is less which is confirmed from its pK 

cl 

values obtained by the Forster cycle method (Chapter 6) , The 
reason for the blue shift, albeit small in this case is not clear. 
Furthermore the protonation and deprotonation of MPP lead to only 
a red shift indicating that hydrogen bonding interactions should 
also result in a red shift. 
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a. Fluorescence analysis of TPP + 

* 4 ** 

Excited TPP exhibits a very interesting behaviour at 

c 

298K. It does not emit in the beginning but starts fluores/lng 
with a X max around 403 nm, after the sample is irradiated for 
a few minutes. The fluorescence intensity increases with 
irradiation time. Fig. 5.8 shows the change in the fluoresence 
intensities for different periods of irradiation time. When the 
light is shut off for a few minutes and again if the solution is 
irradiated, then a similar behaviour, described above, is observed. 
Moreover the absorption characteristics of the sample kept under 
dark for some time after irradiation and those of fresh sample 
are found to be the same. 

Above results suggest that chemical reaction is taking 
place in the excited state giving rise to a fluorescent product 
which reverts back to the reactants as soon as the light is shut 
off. A similar behaviour has been observed in the case of anthra- 
quinone, 134 cis-stilbene 13 5 and 4, 5-diphenyl imidazole 1 "" 6 except 
that the excited state reaction is irreversible. 

The fluorescence maximum of 403 nm, observed at 298K, could 
not be due to TPP + ,as at 77K it fluoresces with a maximum at 
423 nm, which is red shifted as compared to the room temperature 
maximum. This is contrary to the normal blue shift with lowering 
of temperature* The fluorescence maximum at 423 nm( which is a 
broad band) is close to 0-0 band (425 nm) of the phosphorescence 
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spectrum. The other peaks of phosphorescence are at 455# 475 

(maxima) and 482 nm (fig. 5.21). The k at 423 nm is assigned 

max 

to the fluorescence spectrum because the onset of emission 
spectra observed with a phospho res cope starts only from 410 nm 
whereas the fluorescence at 77K starts from 375 nm. The near 
degeneracy of singlet and triplet state energy levels suggests 
that the stabilization of S state by interaction with the 
solvent is almost equal to the sum of solvent stabilization and 
spin correlation energies of T^ state. It is possible that in 
aqueous or ethanolic solutions # S state is below state and 
therefore the fluorescence of TPP + could not be detected at a 
longer wavelength. Similar behaviour has been observed in 

O 

6-aminoquinoline cation which fluoresces at 485 nm and 
phosphoresces at 490 nm at 77K. 

4 * 

b. Fluor Jmetric analysis of DPMP 

The cation of DPMP does not fluoresce at room temperature 
even after irradiation for a significant length of time. But at 
77K it fluoresces at 445 nm and phosphoresces at 451 nm (fig.5.2o) 
indicating that S and T states are nearly degenerate for DPMP + . 

• 4. 

This can be explained on the same lines as for TPP . 

c. Nuclear conformat ion of DPP 

A large red shift and loss of vibrational structure 

of this compound from a non-polar to a polar 


in the fluorescence 
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solvent indicates that other than solvent relaxation, the relaxa- 
tion due to geometry of the molecule is also taking place in the 
excited state. In order to study this change# absorption and 
fluorescence spectra of this compound in cyclohexane were 
plotted in the same graph as shown in fig. 5.9. Both spectra 
have been normalised to their maxima. The longest wavelength 
absorption band is centred at 254.5 nm and is broad. The 
fluorescence spectrum is highly structured and the Stokes shift 
is substantial (3,6 x 10 on”"' 1 ). A broad absorption and a 

structured fluorescence spectra indicate that the molecule is 
non-planar in the ground state and it becomes planar in the 
excited state. Other spectroscopic properties like a blue 
shift in the absorption maxima and a red shift in the 
fluorescence maxima with the increase in solvent polarity and 
a loss of mirror image relationship between the absorption 

and the fluorescence spectra confirm this conclusion. According 

24 

to Berlman's classification this molecule appears to be a 
class-3 molecule ^similar to biphenyl. 

d. Fluorimetric analysis of MPP and its cation 

The absorption spectrum of MPP (fig. 4.7) is broad 
while the fluorescence spectrum (fig. 5.6) is relatively 
structured in hexane. In the excited state the phenyl group 
becomes planar but the vibrational structure observed is less 
when compared to the DPP molecule and could be due to the 
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presence of a methyl group. The broadening of fluorescence by 

the introduction of a methyl group has also been noticed in 

134 

benzene . Since Berlman's classification does not apply to 
this kind of molecule, other spectroscopic parameters were not 

analysed. 

The fluorescence intensity of MPP + in hydrochloric acid 
is found to be 100 times less than that in sulphuric acid. Also, 
in the latter, addition of KC1 reduces the fluorescence intensity 
as seen from the spectra reported in fig. 5. 10 for MPP + in 
(H q = -0.5), HC1 (H q = -0.5) and H 2 S0 4 - KC1 (0.15M) mixture. 
However, addition of KC1 does not affect the fluorescence 
intensity of the neutral species, showing that the fluorescence 
of the cation is specifically quenched by the chloride ion. To 
ascertain whether the quenching is static or dynamic, low 
temperature (77K) spectra of MPP in H 2 S0 4 and in H^SO^ - KC1 
mixture were recorded. As shown in fig. 5.11 there is no 
difference in intensity and shape of the spectra for MPP + under 
two environments mentioned above, except a zero change which was 
purposely done for comparison. The absence of quenching effect 
at 77K implies that the quenching occurs in the excited state 
(dynamic quenching) and not in the ground state (static 
quenching) , 

The above results can be explained on the basis of redox 
potential of the anion i.e., higher the redox potential of anion. 







95 


smaller is its quenching cross section. Thus Cl** is a better 
quencher as compared to soj* or C10 4 ” as the redox potential 
of the Cl is less than those of the other two species. 

e. Fluorimetric analysis of DPI and its cation 

DPI on photoexcitation undergoes a reaction leading to 

the formation of PI in all solvents. The fluorescence of the 

latter, formed during the irradiation of DPI in ethanol, has 

13 6 

one more peak at 394.5 nm in addition to the two reported A , 
at 3 58 and 375 nm. This has been confirmed with the fluorescence 
spectra of an authentic sample. 

The DPI + does not emit in the beginning at 298K, as in 
TPP + , but a few seconds later DPI + starts fluorescing and 
fluorescence intensity keeps on increasing with the irradiation 
time as shown in fig. 5.12. The fluorescence spectrum resembles 
that of PI + , which is confirmed by the fluorescence of PI in acid 
solution. Though the quantum yield of formation of PI from DPI 
in acid medium has not been measured, it appears to be higher 
than that in neutral medium. 

1.3 5 l3 C3 

The photochemistry of cis-stilbene and DPI suggests 
that two phenyl rings must be in the same plane before cyclis- 
ation takes place. This is confirmed from the present study at 
low temperature. At room temperature a solution of DPI fluoresces 
with the characteristics of DPI and PI while DPI shows only the 
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fluorescence of PI*\ At 77K, on the other hand DPI in neutral 
and acidic medium (i.e., DPI + ) gives the fluorescence of DPI 

-f 

and DPI (fig, 5.13) respectively, indicating that there is no 
formation of PI at low temperature. These results show that at 
29 8K the two phenyl rings in DPI and its cation attain planarity 
upon excitation leading to cyclisation. But at 77K, even in the 
excited state, the molecule is retained in the ground state 
configuration and so the two phenyl rings are unable to come 
to the same plane because of the rigidity of the medium. That 
is why no ring closure takes place at 77K. 

5.3. Hydrogen bonding Interactions 

The compounds discussed below are highly polar and 
therefore they behave either as hydrogen donors or acceptors 
in solution. Since solutions of equal concentration could not be 
prepared due to poor solubility of these compounds in some 
solvents, we discuss only the shifts in X max in terms of the 
nature and site of hydrogen bonding interactions. 

5.3.1. 9. 10 -Phen an thro imidazole 

The fluorescence spectra of PI in different solvents are 
shown in fig. 5.14. Values of X max for neutral, cationic and 
anionic species are listed in Table 5.2. When compared to the 
spectrum in hexane, spectra in other solvents are broader and 
the maxima are red shifted. The maxima in methanol and water 
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Table -5.2 
«*. 1 

Fluorescence maxima (cm ) of PI, AMP, HP, AI and Indazole 

in different solvents 


Compound 

-r r~ 

i i 

{ Hexane } 

1 * 

i i 

i .. . 1 

Acetonitrile 

"i r 

f I 

! Methanol,* 

t i 

i t 

i i 

■ i 

r 

1 

Water! 

t 

• 

i 

- - i- 

Acid I 

medium J 
(Mono- | 
-cation I 

Alkal in 
medium 
( anion) 

PI 

283 68 

27548 

28011 

27777 

29455 

24360 


26990 

26455 

26845 

26667 

28090 



25510 

25031 

25380 


26667 


AMP 

25974 

23 201 

22675 

22421 




24691 






HP 

28449 







27855 

27397 

273 59 

25974 a 




27472 



20833 b 

25974 a 

20833 






(H o -0.5) 



27063 







26455(m) 

2628l(m) 

26109 





25000 (s) 





1 

AI 

27210 

25806 

24937 

24449 

19801 

s | 

Indazole 

: 33783 

33557 

33 500 

33333 




32573 

3 2414 

32362 

32154 




31948 

31645 

31446 

31397 




a) For neutral form 

b) For anion 
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are blue shifted relative to that in acetonitrile and. it is larger 
in the case of methanol. The blue shift becomes maximum in 
acid medium in which PI + is formed. 

The hydrogen bonding interactions on pyrrolic nitrogen 
atom always give rise to red shift and so the irregular shifts 
observed can be explained by the charge transfer interaction of 
the lone pair on the pyridinic nitrogen atom with the ring. 

Since in this case charge migration takes place from pyridinic 
nitrogen atom to phenanthrene moiety (see chapter 4) , hydrogen 
acceptor interaction leads to red shift and hydrogen donor 
interaction leads to blue shift. The large red shift observed 
in acetonitrile relative to hexane is due to dispersive intera- 
ction and its hydrogen accepting nature. The red shift in 
methanol and water relative to hexane and blue shift relative 
to acetonitrile show that in addition to the dispersive 
interaction and hydrogen acceptor tendency, they exhibit hydrogen 
donating capability. The difference in the shifts for methanol 
and water is due to the difference in their hydrogen donor/ 
acceptor ability. The magnitude of each interaction can not be 
determined from our study. But qualitatively one can say that 
water is acting here as poor hydrogen donor as compared to 
methanol and its hydrogen acceptor interaction with pyrrolic 
hydrogen atari may be stronger than that in methanol. A similar 
behaviour has been observed in the absorption spectra of different 
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isomeric aminoquinolines on going from hexane — ^ ethanol water# 
i«e*# site of hydrogen bond formation is at different atoms in 
different solvents. The maximum blue shift observed in an 
acidic medium wherein the lone pair is completely prevented 
from charge transfer interaction also indicates that a blue 
shift should be observed during hydrogen donor interaction. 

A similar behaviour has been observed in benzimidazole. 128 

These results clearly show that even though the lone pair 
2 

is at one of the sp hybrid orbitals# the tt cloud of the ring 
is perturbed significantly by it. Indazole does not show this 
behaviour because the pyridinic nitrogen atom in indazole is 
close to another electronegative nitrogen atom and also it is 
separated from the ring by a carbon/nitrogen atom. 

5.3.2. 9~Aminophenanthrene 

A regular red shift is observed in the fluorescence 
spectrum of AMP as the solvent is changed from hexane to water. 

The spectra are shown in fig. 5.15 and the \ max values are 
listed in Table 5.2. Our results in hexane agree with those of 
Tsutsumi et.al. 129 . The spectrum is structured in hexane 
and it becomes broad in other solvents. The red shift observed 
in the fluorescence spectra is contrary to the blue shift observed 
in the absorption spectra (see Table 4.2). 
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Cone. = 1x10 M 

Hexane 

Acetonitrile 

Methanol 

Water 
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30 380 400 420 440 460 480 500 520 

Wavelength (nm)« 

Fluorescence spectra of 9-Aminophenanthrene in different 
solvents. 
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In AMP the solvent interaction can take place either at 
the lone pair of the nitrogen atom or at the hydrogen atom of the 
amino group. The blue shift in the absorption spectra in methanol 
relative to hexane shows that only hydrogen donor interaction of 
the solvent is taking place with the lone pair on the amino 
nitrogen atom. Acetonitrile* being a polar and a hydrogen 
acceptor solvent , has no effect on the absorption spectra, 
indicating that hydrogen donor interaction of the solvent is 
predominant over the dispersive interaction in the ground state. 
But the red shift in the fluorescence spectrum from hexane to 
water, according to their hydrogen acceptor capability, shows 
that in the excited state, the hydrogen atom of the amino group 
interacts with the lone pair of the solvent. This is reasonable 
because in the excited state the availability of the lone pair 
is largely reduced by a greater charge transfer interaction of 
the amino group with the ring and thus reducing the charge 
density at the nitrogen atom of the amino group. This is also 
confirmed by the less basic or more acidic nature of the amino 

group (chapter 6) . 


5.3.3. 



This compound is an example involving hydrogen acceptor 
interaction between solvent and solute. Fig. 5.16 shows the 
fluorescence spectra of HP in different solvents and Table 
reports their X max . The spectra are red shifted and become 




Wavelength (nm) 


•16 Fluorescence spectra of 9-Hydroxyphenanthrene 
in different solvents. 
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broader with an increase in the hydrogen acceptor ability of 
the solvent. Deprotonation results in a further red shift. 

This is in accordance with the solvent shift, confirming the 
hydrogen acceptor interaction of the solvent with the solute. 

In this molecule the site of interaction is found to be the 
same in the excited as well as the ground state. 

5.3.4. 5~ Am inoind azole 

Fluorescence spectra of this compound in different 

solvents are shown in fig. 5.17 and the \ Tri _. r are given in 

max 

Table 5.2. Similar to AMP, a blue shift in the absorption and 
red shift in fluorescence relative to the respective spectra in 
hexane are observed. Moreover the red shifts observed here are 
much more than the red shifts noticed in indazole. (Table 5.2). 

Although AI is similar to PI and isomeric aminoqutnolines 
in having more than one site of hydrogen bonding, the spectral 
behaviour of AI is different from others. Irregular shifts 
have been observed in PI (5.3.1) and aminoquinolines due to the 
change in the site of hydrogen bonding in methanol and water 
whereas a regular blue shift in absorption and a regular red shift 
in fluorescence with increasing solvent polarity are observed in 
AI. This clearly indicates that in both states solvent interacts 
only with the amino group of the solute. 



325 350 375 400 425 450 475 500 525 

Wavelength (nm) 

5-17 Fluorescence spectra of 5-Aminoindazole in different solvents. 
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Also the solvent effect has been proved to be much more 
useful in determining the site of protonation in the ground as 
well as the excited state. When pH is decreased from 7, at 5.2 
protonation occurs leading to a blue shift in the absorption 
spectrum. Since the blue shift is characteristic of hydrogen 
donor interaction of the solvent with lone pair on the amino 
nitrogen, protonation should have occured at the amino nitrogen 
and not at the ring nitrogen atom in the ground state. On the 
other hand when pH is decreased below 2, fluorescence maximum 
gets red shifted after protonation. The red shift is characteri- 
stic of hydrogen donor interaction of the solvent with the ring 
nitrogen atari and so the red shift in fluorescence shows that 
protonation in the excited state might have occured at the 

ring nitrogen atom. The red shift noticed in indasole fluores- 

14 2 

cence on protonation also confirms this conclusion. 

A comparison of the fluorescence maxima in hexane and 
methanol shows that the red shift in methanol relative to hexane 
is quite large, suggesting that the hydrogen bond between the 
solute and the solvent is very strong and may actually result in 
a stoichiometric complex (exciplex) between the excited solute 
and the solvent molecule. To confirm this, fluorescence sp^ectra 
of heptane solutions with fixed amounts of ethanol were recorded. 
It was found that addition of ethanol up to 3% (V/V) resulted in a 

red shift of 1550 cm” 1 whereas further addition upto 100% resulted 

-1 

in a gradual red shift of only another 730 cm . 
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The fluorescence of AI is at longer wavelength and is 

more intense that that of indazole* These results are similar 

to those observed for quinolines'^ with an amino substituent in 

the homocyclic ring. Quinoline with the amino substituent in 

the homocyclic ring showed fluorescence at longer wavelength 

than quinoline with the amino substituent in the heterocyclic 

ring. In these compounds the charge is transferred from homo- 

cyclic ring to the heterocyclic ring in the lowest excited state. 

Hence electron donating substituents in heterocyclic ring tend 

to reduce the excited state dipole /while the ones present in the 

to 

homocyclic ring tend/increase it with respect to the ground state. 
Though enough fluorescence data are not available for different 
isomers of arninoindazole, above finding would be of much" help in 
the identification of products formed in reactions where several 
isomers are produced/ as has been done for amino quinoline isomers. 

5.4. Low temperature fluorescence studies 

The low temperature (77K) fluorescence of PDP, DPMP/ TPP, 
DPP and WPP was recorded in hexane and aqueous methanol solution. 
The fluorescence maxima for the neutral as well as the cationic 
and anionic species at 77K are given in Table 5.3. We note the 
following general features : 

In all the compounds the fluorescence maxima in both the 
solvents are blue shifted at 77K in comparison to their maxima 
at room temperature. But the maxima in hexane at 77K are red 



110 


shifted in comparison to the maxima in aqueous methanol. The 
X max f ° r the cation is blue shifted in PDP but red shifted for 
other compounds. The maxima of TPP and DPMP cations are largely 
red shifted and are very close to their phosphorescence maxima. 
The reason for this was discussed in chapter 5.3. Fluorescence 
maxima of the anions of DPP and MPP are red shifted to the 
maxima of the neutral species. The fluorescence spectra of DPP 
and MPP are nicely structured and a vibrational analysis was 
carried out. 

a. 3 , 5-Diphenvlpyrazole 

The low temperature fluorescence spectrum of DPP in 
hexane, shown in fig. 5. 18* is more structured than that in 20% 
methanol-water mixture. The spacing between peaks are nearly 

constant and is represented by a simple vibrational mode of 

- 1 - 1 

frequency 1460 cm . The shortest wavelength band at 33613 cm 

has been assigned as the 0-0 band. This frequency (1460 cm ) 
could be assigned to the ring streching mode of the heterocyclic 
ring, b43-l45 T ^ e jr spectrum of DPP in KBr pellet, recorded 
in our laboratory 128 / shows that intensity of these modes are 
quite large. 

b. 3 -M ethyl- 5-nhenvlp vrazol e 

Since the compound was poorly soluble in hexane the 
resolution of the fluorescence spectrum at 77K was very poor due 
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to low signal to noise ratio. But a good low temperature 
spectrum was obtained in 20% methanol- water solution (fig, 6.8) , 
Vibrational features of the fluorescence spectrum of MPP in- 
aqueous methanol is more complicated than that of DPP at 77K. 

The main vibrational progression seems to be of 870 cm whereas 

1 

580 cm vibrational frequency occurs as combination bands. The 

_ i 

shortest wavelength band at 34904 cm is assigned as the 0-0 
band. 

The blue shift, observed at low temperature relative to 
the room temperature maxima for all the compounds, results from 
the fact that solvent reorientation after excitation is consi- 
derably less facile in a rigid medium than in fluid medium. This 
"low temperature blue shift" was reported to be an effect of 
viscosity, rather than temperature. This conclusion was based on 
the observation of very similar blue shifts (relative to solution 
spectra) in the room temperature fluorescence of aromatic 
compounds in plastic matrices. ^ At 77K the blue/red shifts 
observed between hexane and aqueous methanol and also between 
neutral and cation/anionic forms of the compounds follow exactly 
the same trend observed in the absorption spectra reiterating 
that the ground state configuration of the solvent is retained 
in the excited state before fluorescing. 


* 
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5.5. Low temperature phosphorescence studies 

Phosphorescence spectra of different forms of pyrazoles, 
DPI, PI, HP were recorded at 77K and are shown in figs. 5.19 — 
5.26. For most of the compounds the spectra are structured and 
so a vibrational analysis was carried out for these compounds. 

The X and the results of the vibrational analysis for these 
compounds are given in Table 5.4. All the spectra were recorded 
in aqueous methanol and all solutions were deaerated before 
taking the spectrum by passing oxygen- free nitrogen. The band 
maxima of the different forms were also used in the calculation 

Vc 

of pK^, values and they are presented in the next chapter. 
Phosphorescence spectra for all pyrazoles in hexane were also 

recorded. 

5.5.1. Pyrazoles 

Phosphorescence spectrum of PDP is more structured in 

methanol/water mixture than in hexane at 77K (fig. 5.19). The 

\ in aaueous methanol is blue shifted when compared to that 

/v max ^ 

in hexane. 

Contrary to the fluorescence spectrum the phosphorescence 
spectrum of DPMP at 77K in .50% aqueous methanol is structured 
with a maximum at 21390 cm" 1 (fig. 5.20). The phosphorescence 
spectrum in hexane in less structured. It appears that in 
aqueous methanol 1495 cm 1 vibrational band forms a main 
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progression whereas 755 an ^ band occurs as . a combination band. 
Phosphorescence spectrum of the DPMP cation is relatively broad. 

Phosphorescence spectra of TPP in hexane and 50% methanol 

are structured at 77K. (fig. 5.21) but the spectrum in hexane does 

not show any regularity in the vibrational analysis. In aqueous 
• _ 

methanol 1492 cm vibrational mode forms a main progression 
whereas 505 an ^ and 841 cm ^ occur as combination bands* 

Similar to the fluorescence spectrum the phosphorescence 
spectrum of DPP in hexane and in 20% methanol— water mixture at 
77K are structured (fig. 5.22). The peaks in aqueous methanol 
are somewhat sharper than those in hexane and each peak in the 
latter is red shifted in comparison to the peaks in the former. 
Vibrational analysis shows that phosphorescence spectra in both 

solvents can be explained with a single vibrational mode of 

- 1 

frequency 1460 am . The 0-0 band in hexane and aqueous methanol 

— 1 — I 

are found to be 23392 cm and 23809 cm respectively. Peaks of 

+ 

phosphorescence spectrum of DPP are broader than those of the 

anion as well as of the neutral species but the separation of 

peaks in both cases can be explained with a vibrational mode of 

-1 

frequency 1405 cm 

Phosphorescence spectra of MPP and its cation are more 
structured than that of the anion (fig. 5.23). The phosphorescence 
peaks of MPP in hexane are not sharp but each peak is red shifted 
as compared to polar solvents. The 0-0 bands of MPP, MPP cation 








Neutral form 


550 500 450 400 

Wavelength (nm) 

5*22 Phosphorescence spectra of 3,5-Diphenylpyrazole at 
77 K in aqueous methanol . 




550 500 450 400 

Wavelength (nm) 

!• 5-23 Phosphorescence spectra of 3-Methyl - 5-phenylpyrazole 
at 77 K in aqueous methanol. 
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and MPP anion in aqueous methanol are found to be 24630 cm -1 , 

24390 an and 23952 cm" respectively. The 1590 cm" 1 vibra- 
tional band forms the main progression whereas 968 cm 1 vibra- 
tional band appears as a combination band in the MPP neutral 

4 —1 

form# In MPP # 1590 cm is the main vibrational progression 
and 1012 cm appears as a combination band. Spectral analysis 
of MPP" indicates only one vibrational mode of frequency 1460 cm" 1 , 
present as fundamental and overtones. 

5.5.2. 9, 10 -Phenanthro imidazole 

Phosphorescence spectra of PI, its cation and the anion 
at 77K are structured. The peaks for the anion are very sharp, 
less so for the cation and broad for the neutral form (fig. 5.24). 
The phosphorescence spectra of all the forms exhibit one set of 
peaks which are sharp, intense and well separated. The other 
peaks occur as shoulders and are weak. In the neutral form 
1570 cm" 1 vibrational band forms the main progression whereas a 
vibrational frequency of 591 cm occurs as a combination band. 

In the cation as well as the anion, the main progression band is 

« 1 —1 
the same i.e. 1570 cm , but the combination band is 425 cm . 

Phosphorescence spectra of different forms of 4, 5-diphenyl- 
imidazole and 9-hydroxyphenanthrene are not so structured (figs. 
5.25 and 5.26). 



Low temperature phosphorescence maximaCcyn ) and the results of vibrational analysis 
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Phosphorescence spectra of pyrazoles at 77K are sharper 

i 

and more resolved in aqueous methanol than in hexane # possibly 
due to the poor solubility of the compounds in the latter. In 


all cases the \ ma x at 3 ueous methanol are blue shifted in 
comparison to that of the hexane solution following the same 
trend as observed in the absorption spectra, illustrating that 
the ground state configuration is retained in the triplet state 
also at 77K. It has been further observed that spectral shift 
in triplet state is less than that in singlet state. This can 


be explained in terms of the much smaller differences in dipole 


moment and charge transfer character between the ground and 
lowest triplet state than between ground and lowest excited 
singlet state* 1 

In comparison to the fluorescence# the phosphorescence 

spectra of all the compounds and their cations and anions except 
+ 

PDP are well resolved and the 0-0 bands are identified approxi- 
mately from the position of the shortest X in phosphorescence. 
The high resolution at low temperature is mostly due to the 
rigidity of the medium and partly to the elimination of hot bands 
resulting from the thermal population of high vibrational levels 
of the ground and the excited states. 



CHAPTER - 6 


EFFECT OF pH ON ABSORPTION 
AND FLUORESCENCE 


6.1. Ground state acidity constants 

Ground state acidity constants for pyrazole, DMP and 

146 

DPI are available from the literature. For the other 

compounds the ground state acidity constants tpK a > were calculated 
sp ectrophotome tricall y by the method described in chapter 3. 

All absorption spectra were run on Cary 17D spectrophoto- 
meter. The data used for the calculation of acidity constants 
were taken on a Beckman DU/Toshniwal spectrophotometer. A 
modified Hammett acidity scale and yagil basicity scale 
were used for the measurement of pK a of the compounds having 
values outside the 1-13 pH range. The definitions of these 
functions ensure that they become identical with pH in dilute 
solutions. Due to the poor solubility of some of the compounds 
in water, 5-20% methanol solutions were used and the solvent 
system used for each compound is listed in Table 6.1. 
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Three equilibria in AI (Dication — " ■ Monocation — 

^ 

Neutral — v Monoanion) , two equilibria in DPP, MPP, PI and 

AMP (Cation Neutral — Anion) and one equilibrium in 

the rest of the compounds were studied. All these equilibria 
except that between AMP and its anion were indicated by an 
isosbestlc point in their absorption spectra taken before 
carrying out the absorptiometric titration. In the case of 
AMP, when the pH is increased above 14, the absorption maximum • 
changes but the isosbestic point is constant only for solutions 
upto pH 15. On a further increase in pH (^15) the isosbestic 
point changes without change in the maximum for each solution. 
Due to this irregular dependence of the absorption spectrum 
(fig. 6.1) on pH and a very small range of H_ over which one type 
of equilibrium is present, the pK a value for this equilibrium 
could not be determined. This could ; 2 due to the formation of 
dianion. An unusual behaviour was also observed in the fluores- 
cence spectrum in this range of H_ as discussed below in 
section 6,2.3. 

The pK values determined in this work and the isosbestic 
points observed are given in Table 6.1 along with the pK^ values 
taken from the literature. They are in accord with the theory 
that the presence of an electron donating group like -CH^# -NH^, 
etc., increases the basicity of the compound while the presence 
of electron withdrawing group like -CgH^ decreases. 


These 
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14-65 



250 300 350 400 
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Absorption spectra ot 9-Aminopnenanthrene 
tn different H-scale. 
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Table 6.1 

Ground state acidity constants 


ComD ouiid 

-j— 

. Eq (DM) ! 

Eq(MN) 

“T 

! Eq(NA) ' 



! ' i 

pK , Isosbestic ! pK 

I point (nm) ! a 

1 L 

! 

! Isosbestic 
! point (nm) • 

I 

1 pK a | 

1 1 

1 i 

IsosbesticJ 
point (nm) { 

% 

MeOH 

Pyrazole 

2.48 a 





3 / 5-Dime- 
thylpyra- 
zole(DMP) 

4.38 a 





PDP 

2.27 

238 



5 

DPMP 

1.48 

236 



10 

TPP 

-0.39 

265 



20 

DPP 

1.43 

262 

12.94 

260 

5 

HPP 

2.61 

223 

14.31 

256 

5 

DPI 

5.90 

"70 

12.8 

292 

5 

PI 

4.65 

283 

11.86 

278 

5 

HP 



9.05 

316 

5 

AMP 

3.5^ 


>14*00 


5 

AI 

-0.094 270 5.27 

297 

14.59 

295 

5 


a. Prom Ref. 146# b. Fran Ref. 129 

Eq(DM) = Equilibrium between dication and monocation. 
Eq(MN) = Equilibrium between monocation and neutral form. 
Eq(NA) = Equilibrium between neutral form and anion. 
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pK a values were used in the calculation of pK* values by 

v 3. 

Forster cycle methods. 


6 • 2 • Excited singlet state acidity constants 

Various methods used for the calculation of the excited 
state acidity constants were discussed in chapter 3. Pyrazoles 
and DPI are grouped together since these compounds have more or 
less similar behaviour as far as pK* values are concerned. 

cl 

Results and discussion for other compounds are presented 
individually. 

6.2.1. Pyrazoles and 4, 5-diphenyl imidazole 
a. Fran absorption spectra 

The Forster cycle is applicable only to the 0-0 transition 

of either absorption or emission spectra. Since the absorption 

spectra of all the compounds and their cations or anions are 

structureless and broad, the position of the 0-0 band is unknown. 

Assuming the maxima of absorption bands of the species involved 

in each equilibrium occur at equal amounts above the 0-0 transition, 

* 

absorption maxima were used in the calculation of the pK^ values. 

Results for all the compounds are summarized in Table 6.2 wherein, 

v v i v are the long- wavelength absorption maxima of the mono- 
m * n a 

cation, neutral form and the anion respectively. Although pyrazole 
and 3, 5-dimethylpyrazole can undergo deprotonation, the 
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Table -6.2 

Excited singlet state acidity constants 
determined from absorption spectra 


1 1 1 1 r 

1 1 1 I -i I * • 


Compound 

i pk , 

» a , 

A • ■ - - - * 


! D ( cm” 1 ) 

1 n 

J r _ 

vJcnT 1 ) 

dL 

. - ' 

Ap Ka 

j P< 

Pyrazole 

2.48 

46729 

47619 


-1.89 

4.37 

DMP 

4.38 

45662 

46512 


-1.79 

6.13 

PDP 

2.27 

42735 

40816 


4.03 

-1.76 

DPMP 

1.48 

40322 

40160 


0.34 

1.14 

TPP 

-0.39 

36496 

39841 


-7.03 

6.64 

DPP Eq(MN) 

1.43 

37313 

39526 


-4.65 

6.08 

Eq(NA) 

12.94 


39526 

37879 

3.46 

9.48 

MPP Eq(MN) 

2.61 

39370 

40322 


-2.00 

4.61 

Eq(NA) 

14.31 


40322 

37593 

5.73 

8.58 

DPI Eq(MN) 

5.9 

39840 

36101 


7.85 

-1.95 

Eq(NA) 

12.8 


36101 

33333 

5.8 

7.00 
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excited state equilibrium constant for this reaction could not 
be determined due to the interference of high absorbance of OH* 
ions below 235 nm. 

b* Fran fluorescence spectra 

Since fluorescence spectra of all the compounds are 
broad* a similar assumption is made as in absorption spectra* i # e** 
the maxima of the fluorescence bands of the species involved in 
an equilibrium occur at equal amounts above the 0—0 transition* 

The pK^ values for the Eq(MN) for DPMP, TPP and DPI were calculated 
by using the fluorescence maxima of the respective species at 77K 
in Forster cycle equation (3.8). As stated in the previous 
chapter the cations of these compounds either do not emit at 

room temperature or undergo chemical reaction immediately after 

# * 

excitation. pK values for the rest oi the compounds were 

a -*■ 

calculated using fluorescence data at 298K and the results are 

given in Table 6,3. v' . v' v ' are the wavenumbers of short 
* m n a 

wavelength fluorescence maxima of the monocation, neutral molecule 
and the anion respectively. 

c. From an average of the absorption and fluorescence spectra 

38 

Bartok and Lucchessi suggested that a more accurate 
value for the 0-0 transition energy could be determined by 
taking an average of the energy values obtained from absorption 
and fluorescence. This method is based on the assumption that 



Table-6.3 


Excited singlet state acidity constants determined 
from fluorescence spectra 



f 

1 



1 


I 

T “I 

t 

' L ' 1 

Compound 

i P K a 

( 

i — - - 

1 

> - i 

; v m 

1 

v n- 

) 

1 - | 

I v a 

1 

* - 

: a P K a 

i 

★ 

P K a 

PDP 

2.27 

3 2051 

3 2414 


- 0.76 

3.03 

DPMP 

1.48 

2247i a 

28409 a 


-12.47 

I3.95 a 

TPP 

-0.39 

23640 a 

2797 2 a 


- 9.09 

9.48 a 

DPP Eq(MN) 

1.43 

28901 

29498 


- 1.25 

2.68 

Eq(NA) 

12.94 


29498 

27027 

5.19 

• 7.75 

MPP Eq(MN) 

2.61 

3 2051 

33057 


- 2.11 

4.72 

Eq(NA) 

14.31 


33057 

27027 

12.67 

1.64 

DPI Eq(MN) 

5.9 

28985 a 

28129 a 


1.8 

4.i a 

Eq(NA) 

12.8 


26881 

24813 

4.34 

. 8.46 


a. 


Measu remen ts at 77K 
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the solvent relaxation is identical for both members of the 
conjugate pair. Table 6.4 presents results for those compounds 

it 

whose pK were calculated by this method at 29 8K, ( v +v ) /2 

ma mf 

is the average value of the wavenumbers of the long wavelehgth. 
maxima of absorption and short wavelength maxima of fluorescence 
of cation/ and ( v na + ^ n f)/2/ ( v +v ^)/2 are the respective 
terms for the neutral and the anionic forms. 

Table - 6.4 

Excited singletstate acidity constants determined from 
the average of absorption and fluorescence spectra 


Compound 

1 

1 

! P K a 

I 

1 

1 

" i 

+ v - ! 
ma mt , 

r 

I 

mm mm * 

v + v ; 
na nf! 

* 

l 

1 aa + ^ af ! ^ K a 

* 

P K a 

2 ! 

- . .. - 1 

2 ! 

, 1 

2 

1 

I 

1 

PDP 

2.27 

37393 

36615 


1.63 

0.64 

DPP Eq(MN) 

1.43 

33107 

34512 


-2.95 

4.38 

Eq(NA) 

12.94 


34512 

3 2453 

4.32 

8.62 

MPP Eq(MN) 

2.61 

3 5711 

3 6690 


-2.06 

4.66 

Eq(NA) 

14.31 


36690 

3 23 10 

9.2 

5.11 

DPI Eq(NA) 

12.8 


31491 

29073 

5.08 

7.72 
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.intensity cts b . £1111011.1.011 o£ stcxdd.'fcv 

The method of determining the pK values from the 

a 

pH/H^/H^ dependence of fluorescence intensity is called 
f luoriinetric titration. Even if one member of the acid-base 
pair is fluorescent this method can be used. Unlike Forster 
cycle methods, it is free of assumptions but the excited state 
equilibrium should be established within the life time of the 
singlet state. This is because the proton transfer reaction 
has to compete with radiative and non- radiative processes of the 
excited state. If the rate of the former reaction is slower than 
that of the latter processes, the molecule gets deactivated 
immediately after excitation and the emission is governed by the 
ground state equilibrium conditions. Under these circumstances 
this technique gives the ground state pK^ value but at the same 
time it also gives a qualitative idea about the life time of the 
species involved. 

Since the fluorescence intensities are taken as a direct 
measure of the concentration of the species, other factors like 
intensity of excitation light, absorbance at the excitation 
wavelength and total concentration are to be kept constant for all 
pH solutions. This was ensured by taking the same concentration 
of the compound and exciting it at the isosbestic point, mentioned 
in Table 6 . 1 . 
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The intensity of fluorescence was measured and a plot 
of I/I Q against acidity of the solution gave a sigmoid curve for 
each species. If one species is fluorescent the point of 
inflection or if both are fluorescent then the point of inter- 
section of the two sigmoid curves gives the dissociation constant. 
The fluorimetric titration curves thus obtained are reported in 
figs. 6. 2-6.6. The dissociation constants determined from these 
curves are given in Table 6,5 along with the pK* values obtained 
from other methods. For DPI, care has been taken to measure the 
fluorescence intensity immediately after excitation to avoid 
the complications which may arise due to the formation of the 
photoproduct. 

e. Summary of excited singlet state acidity constants 

Results obtained by the four methods are compared in 
Table 6.5; pK*(abs), pK*(flu), pK*(ave) are the excited singlet 

3, a . cl 

state acidity constants obtained from absorption, fluorescence 
spectra and from their average; pK^CFT) is the dissociation 
constant obtained from the fluorimetric titration. 

Discussion 

The pK* values, as expected, differ very much from the 
^ a 

pK values. In addition, the pK values calculated by four 

3 Q- 

different methods do not agree among themselves (Table 6.5) . 




pH 

Fig, 6-2 Plot of relative fluorescence intensities 
of N-Phenyl-3,5-dimethylpyrazole Vs pH- 




-1 0 1 2 3 4 5 

pH 

Fig. 6-3 Plot of relative fluorescence intensities of 
1,5-Diphenyl -3-methylpyrazole Vs pH 
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Table- 6. 5 


Summary of 

excited singlet state 

acidity constants 


Compound 

i 

i pk 

1 & 

I 

pK ( abs) ! 

a i 

pK*(flu) i 

l 

pK a (ave) 

1 

i pk (ft; 

t c± 

• 

Pyrazole 

2.48 

4.37 

\ • 



DMP 

4.38 

6.13 




PDP 

2.27 

-1.76 

3.03 

0.64 

2.3 

DPMP 

1.48 

0.64 



1.55 

TPP 

-0.39 

■ 6.64 




DPP Eq(MN) 

1.43 

6.08 

2.68 

4.38 

1.7 

Eq(NA) 

12.94 

9.48 

7.75 

8.62 

12.64 

MPP Eq(MN) 

2.61 

4.61 

4.72 

4.67 

2.91 

Eq(NA) 

14.31 

8.58 

1.64 

5.11 

12.04 

DPI Eq(MN) 

5.90 

-1.95 



6.00 

Eq(NA) 

12.8 

7.00 

8.46 

7.73 

12.9 
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Of the four# three methods ere bcised on the Forster cycle* 

Though the merits and shortcomings of these methods have been 
reviewed in detail by many authors* 1/50*54*86 ^ brief description 
is given below to explain our results. 

■At 

The accuracy of pK_^ values by Forster cycle is based on 
the validity of the following assumptions. 

v and v f used in Forster cycle calculation (Eq. 3.8) 
represent the transitions from the ground to the excited state 
for an acid and conjugate base respectively. This means that 
the conformational (conjugation) and the angular momentum 
quantum numbers of the excited states of the acid and the base 
are generally the same. There are a few cases for which there 
is a change in going from the former to the latter. In such 
cases* the electronic transition is to be accompained by a 
chemical reaction. This process usually introduces a large 

entropy error* associated with configurational change* in the 

34 . . 148 

F*6rster cycle calculations. For example 3*4-benzocinnoline* 

Vc 

fluoresces from its n- n singlet state but the cation fluoresces 
from the n - n * singlet state. Similarly L b is the lowest 
singlet state in neutral benzimidazole and L & is for the 
cation. In these cases, the results obtained from the 
Forster cycle are meaningless and can not be compared with the 
results obtained by other techniques. 
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That the entropy of protonation must be equal in the 

ground and excited electronic states seems to be a reasonable 

assumption. In aromatic molecules where there is not much 

change in molecular electronic structures subsequent to excitation/ 

the change in the entropies of protonation in the excited and the 

ground states would be very small. For example in case of 

protolytic dissociation of 3 -naphthyl ammonium ion it has been 

shown that the maximum error caused by the assumption is not 

1 49 it 

more than + 0.2 units in the A pK a . By calculating pK s at 

37 

different temperatures/ Weller showed that there was practically 

ft 

no difference in As for the ionization of 3 -naphthol in the 
S q and states, despite a large change in pK & and obvious 
differences in solvation between the acid and its base. Similarly 

ft 

in aromatic acids it was found that T A S do not contribute more 

than 1 pK unit. 
a 

Forster cycle is applicable only to 0-0 vibrational bands 
of either absorption or anission spectra (if both species are 
emitting) and should not include the contribution of the vibratio- 
nal energy. In general, the spectra at room temperature for the 
species are broad and the 0-0 band can not be located easily. 
Instead of the 0-0 band, either the average of absorption and 
emission bands or band maxima can be used. It has been shown 
by Levshin 150 that if the vibrational spacings in the ground 
and excited states are the same, there exists a mirror image 
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relationship between the fluorescence band, and the long wave— 
length absorption band. From this mirror image relation, the 
frequency of the 0—0 transition can be approximated. But this 
hind of behaviour is missing in most of the cases and one has 
to depend upon the band maxima. It has been assumed that the 
vibrational spacing in the ground and the excited states of both 
the acid and its base are the same and also the vibrational 
energy distribution is identical. If this assumption is valid 
absorption data would be sufficient in calculating pK* values, 
provided solvent relaxation and geometrical changes are the 
same for both species in the excited state. 

Besides the error introduced in the Forster cycle method 
by vibrational energy difference, there are other sources of error 
originating from changes in geometry, electronic configuration 
and solvent cage with excitation. These changes arise because the 
charge distribution in the excited state is different from the 
ground state. Thus the Forster cycle methods can provide better 
values of pK & only if the electronic transition energies used in 
the calculation also account for all the differences in energy 
between thermally equilibrated ground and excited states. 

Solvent relaxation, geometry change, and vibrational 
effects can be grouped together and called as thermal relaxation. 

-k 

Then the calculation of reasonable values of pK & from absorption 
data is dependent upon how small or how nearly equal thermal 
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relaxations are for both the acid and its base in the excited 

state. By taking into account thermal relaxations/ which are 

taking place in the ground as well as in the excited state# Kovi 
59 

and Schulman proposed a modified thermodynamic cycle and it is 
shown in fig. 6.7. By assuming again that the dissociation 
entropies are equal in ground and electronically excited states 
they derived equations for the equilibrium A B + H + 


P K a - P K a = 


Nhc 


2.303 RT 


v A - v B ) 

abs abs 


iH ?e - AH £e " S * 1 


★ * 

A , A are the enthalpies of thermal relaxation of 
acid and the conjugate base in the S ^ state subsequent to 
emission. As per the equation (6.1) if either of the species 
becomes more polar and/or if it undergoes a geometry change in 

k k 

the excited state then the difference# A - A will be more 

te te 

k 

and it will lead to a large error in pK . 

a. 

k 

Similarly the equation derived for the calculation of pK a 
from fluorescence data is 


pK - pK 

Si 3, 


Nhc / - A 
2.303 RT v V flu 


- B 


J3 


- * fiu' + H ; e ••®- 2 


where A H? and A H? are the respective terms for the ground 
te te 

k 

state. Calculation of reasonable values of pK a from fluorescence 
data is dependent upon how small or how nearly equal thermal 
relaxation is for, both species in the ground state. Here it 
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te *5 

*rl 



E B E B 
. fl rabs 



r 

AH., 


A te J 1 4 Fig, 6.7 

A modified thermodynamic cycle for the calculation of pK*; A , 

* f. a te 

A te' A fc and A fe " Thermally equilibrated ground and electronically 

excited states respy. of the acid B te / B f c * B f C are the 

corresponding states of the conjugate base. E A , , E A , e B , 

B abs fl' abs' 

Efi are respectively, the spectroscopically determined absorption 
and fluorescence energies for acid and conjugate base. AH and 

■fc 

A are the enthalpies of protolytic dissociation in ground 
and electronically excited states (Ref. 116) . 
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is to be expected that fox species which axe moxe polax in the 
gxound state than in the excited state* the solvent xelaxation 
erxox will be large. In an acid— base pair* functional groups 
which axe moxe extensively conjugated with the axomatic system 
in the gxound state and have different symmetxies in the excited 
state* would lead to an appxeciable exxox due to the conformati- 
onal relaxation. 

The averaging of absorption and fluorescence maxima to 
obtain 0-0 bands of the electronic transition in the Forster 
cycle (or in modified thermodynamic cycle) is supposed to result 
in a cancellation of the energy discrepancies between the conju- 
gate species due to unequal thermal relaxations i.e. * even if 
* * 

all A H^ e * A H® e * A H^ q * A are different* sometimes the net 

change may be zero. This technique often* but not always, yields 

accurate results. If the error is large in one method and 

negligible in another*, the error will be distributed while 

* 

averaging. For example in the calculation of pK & for the 
equilibrium between o— phenanthroline dication and its monocation, 

"k 

this method gives a pK^ value greater than pK^, although the 

25 

fluorimetric titration indicates that the opposite is true. 

This is a result of the averaging of the solvent relaxation error 
from the absorption spectra in the calculation. Apparently in 
this case* the vibrational error in the fluorescence shift is 
less than half of the solvent relaxation error in the absorption 


shift, 
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iibove discussion clearly shows that the accuracy of pK a # 
obtained by Forster cycle depends upon the choice of the method 
employed which intum depends upon the validity of the assump- 
tions made. Since fluorimetric titration does not involve any 
assumption# if it gives excited state pK value# a comparison 

3 . 

of this pK a value with the pK & values obtained by the three 
different Forster cycle methods would indicate which of the 
Forster cycle methods is more accurate. 

* 

Analysis of the pK^ values obtained by the different FBrster 
cycle methods 

Fluorescence of pyrazole and 3# 5-dimethylpyrazole could 

k 

not be detected and therefore pK a were calculated using absor- 
ption data and they are 4.37 and 6.13 respectively. This shows 
that heterocyclic pyridinic nitrogen atom becomes more basic in 

the excited state than in the ground state. This is in accor- 

152 

dance with the usual trend observed in pyridines. Though this 

k 

is the only method available to calculate the pK & values for 
these compounds# these values can not be far from the true 
values as these molecules are simple and rigid. Any error can 
be only due to solvent relaxation in the excited state and it 
will be less as was observed in phenanthroimidazole (6.2.2). 

As seen in Table 6.5# except in the case of de-protonation 

of MPP. pK (FT) values obtained for other equilibria, are more 
^ a 

or less close to the ground state pK a values. Thus a comparison 
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of with Forster cycle pK^ values could not be done for 

these compounds, Yet # by considering the nature of electronic 
transitions and the trends observed in similar compounds* a 
comparison has been made among the pK^ values calculated by the 
Forster cycle method. 

In PDP the difference between pl<“ values obtained from 

8 . 

absorption and fluorescence data is 4.79. Absorption shift 
shows that pyridinic nitrogen in the carbocyclic ring becomes 
more acidic whereas fluorescence shift shows that the same 
nitrogen atom becomes more basic in the excited state. In 
general it has been observed that if tt - tc * is the lowest singlet 
electronic transition in a molecule containing nitrogen atom with 
the sp hybrid orbital (e.g. pyridine) the electron density 
increases at the nitrogen atcm and thus it becomes more basic in 
the state. Since in the conjugate- acid-base pair of pyrazoles 
the lowest electronic transition is tt-tt*/ the result obtained 
from fluorescence data will be more accurate than those obtained 
by any of the two methods. 

A similar behaviour is shown by the absorption data in the 
case of DPMP. Since the cation of this compound is nonfluorescent 

JU 

at rocm temperature* pK^ from fluorescence data could not be 
obtained and compared. But pK^ from absorption data is against 
the usual trend observed in other pyrazoles. TPP + is also non- 
fluorescent initially at room temperature but starts fluorescing 
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after some time due to the formation of a photoproduct. So pK* 

3 

was calculated only from absorption data and the increase in the 
basicity is in agreement with the expected trend. 

But as was pointed out in chapter 5 # DPMP* and TPP"*" are 

fluorescent at 77K. The pK values for cation * neutral form 

a ^ 

were calculated from the low temperature fluorescent maxima of 
these species and are given in Table 6.3. In rigid media i,e. 
at 77K these molecules have ground state conformation and the 
solvent relaxation subsequent to excitation is not taken into 
account. It is known in some cases the solvent relaxation can 
overweigh the effect of polarization of the electronic transition 
in determining the value of pK rel ative to pK . So pK calculated 
by this method will be only qualitatively accurate. On seeing 
the trend of other pyrazoles studied, these values do not seem 
to be far from true values and atleast tell qualitatively that 
the pyridinic nitrogen atom, as expected becomes more basic in 
the excited state and not as predicted by absorption data of 
DPMP. For DPP, pK calculated by absorption and fluorescence 
data for the equilibrium between the cation and the neutral 
form shows that the pyridinic nitrogen atom becomes more basic 
in the excited state but the difference between pK^Cabs) and 
pK (flu) is quite large. Generally a maximum difference of 
2 in pK* occurs due to unequal vibrational and solvent 

3 

relaxations of both species*^ A difference of 3.4 here\ 
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could be due to unequal relaxation due to geometry change 
(section 5,2.1.c), in addition to the solvent relaxation. 

The difference between pK*(abs) and pK*(flu) for the 

cL cl 

equilibrium between the neutral form and the anion is less than 
2 which is mainly due to the unequal solvent, vibrational 
relaxations in both the species. In this equilibrium pK (ave) 

Cl 

■ k 

will be more accurate than other pK values, 

cl 
■ k 

The pK values obtained from absorption and fluorescence 
a 

data for the equilibrium between the cation and neutral forms 

of MPP are 4,61 and 4,72 respectively. These values are nearly 

the same and thus show that the thermal relaxations (vibrational, 

solvent, geometrical) for both species in ground and excited 

states are nearly same. This can be seen from the tables 4.1 

and 5.1 that solvent relaxations in absorption and emission for 

-1 

the two extreme cases (in n— hexane and water) are only 322 cm 

and 643 cm"*^ respectively. For the equilibrium between the 

neutral form and. the anion, fluorimetric titration gives the 

pK* value. This is the only pyrazole for which proton transfer 

equilibrium is attained in the excited state. A comparison of 

Forster cycle pK* values with the pK a (FT) which is supposed to 

be the most accurate value, 25 shows that pK^tabs) is closer to 

pK a (FT) than the pK*(flu) value. The difference of 3*4 between 

pK*(abs) and pK (FT) can be erxplained by the difference in thermal 
* a a * 

relaxations. But the difference of 10.4 between pK^(flu) and 

pK*(IT) is quite large. This large difference suggests that 
3 
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seme other process is taking place in the excited state# 

Compared to the neutral form* the fluorescence of the anion is 
largely red shifted and it is broad* This indicates that there 
may be stoichiometric complex formation between the solute and 
the solvent in the excited state# Low temperature fluorescence 
spectra of neutral and anionic forms are shown in fig* 6*8# The 

«• i 

small red shift (2517 cm ) observed for neutral and anionic 
species at low temperature (77K) when compared to the redshift 
at room temperature (6085 on ) for the same species also supports 
the conclusion of excited state complex formation. 

Fluorescence of DPI + was not observed at room temperature 

due to the formation of 9, lO-phenanthroimidazole. So the pK* for 

a 

the equilibrium between the cationic and the neutral forms was 

it 

calculated only from absorption data. The resulting pK shows 

a 

the pyridinic nitrogen atom to be more acidic in the excited 

•k 

state than in the ground state and the pK & calculated from low 
temperature fluorescence shift also shows the samedtrend. 

For the equilibrium between the neutral form and the anion, 
the difference, pK*(abs) - pK*(flu) < 2. This is due to the 
differences in the vibrational and solvent relaxations of both 

it 

soecies. So in this case pK (ave) (7,73) gives a better value. 

4 , < 3 , 

pK values from fluorimetric. titration 
a - 

From the fluorescence titration curves (figs, 6,2 — 6,6) 
it is seen that in all the cases except for the equilibrium 
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between the neutral and the anionic forms of MPP, the inflection 
points in the titration curves occur at nearly the ground state 
pK & values. This indicates that in the excited state* the rate 
of fluorescence is so fast that the molecule* before proton 
exchange* loses its energy by radiation. So the fluorescence 
emission is governed by the ground state prototropic equilibrium. 
Such a static protonation has been observed for most of the 
heterocyclic compounds whose pK s fall in the mid pH 

3 . 

25 26 45 153 

region • • • i.e, between 3 and 10. This may be either 

due to a short life time of the excited state or due to a lower 
concentration of protons in the mid-pH region* which makes the 
rate of proton exchange slower. Since a high concentration of 
a buffer has no effect on the fluorimetric titration, it appears 
that the static protonation is due to short life time of the 
species involved. 

When there is static protonation for sparingly soluble 

substances in water the fluorimetric titration gives accurate 

1 ^4 ••4 

ground state pK a value. For absorption measurements* 10 M 

solutions have to be prepared using mixed organic solvents whereas 

«■* 6 

for fluorescence measurements (\j 10 M solutions in water are 
sufficient due to its high sensitivity. In the cases of DPP and 
DPI* the saturated solutions are of 10** M concentrations. So the 
ground state dissociation constants of DPP and DPI in water 
obtained by f luoremetric titration are more meaningful than the 
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dissociation constants in mixed solvents, obtained by 
absorptiometric titration for these compounds. 

6«2«2. 9 henanthr 0 imida 7 .nl e 

The pK & values for both equilibria Eq(MN) and Eq(NA) 
were determined spectrophotometrically. The values obtained 
(4.65 and 11.86) are lower than those of benzimidazole (5.52 and 
13.2) . This is because of the presence of more electron with- 
drawing groups (three fused phenyl rings) which lowers the 
basicity and increases the acidity of the molecule. 

The absorption and fluorescence maxima of PI, its anion 
and the cation have been, listed in Tables 4.2 and 5.2 respecti- 
vely. The long wavelength absorption maxima and fluorescence 
maxima which were used for the calculation of pK^ are given in 
Table 6.6. 

Table - 6. 6 


Long wavelength absorption maxima and fluorescence maxima 
of the three forms of 9, 10-Phenan thro imidazole 


Species 

Absorption ! 

J maxima ( cm” 1) \ 

1 — 1 — 

Fluorescence 
maxima ( on” 1) 

Cation 

29585 

28090 

Neutral 

2873 5 

26560 

Anion 

27322 

243 60 
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The P^ a values calculated for both equilibria from 
absorption and fluorescence data by usinq FSrster cycle are 
given in Table 6.7 along with the pK values. Fluorimetric 

U 

titrations were carried out by exciting the species at isosbestic 
points and the titration curves for Eq(MN) and Eq(NA) are shown 
in fig* 6.9. The resulting pK^(FT) values 'are also given in 
Table 6*7* 

Table - 6*7 

Excited singlet state acidity constants of 9, 10~Phenanth.ro imidazole 


Equilibrium 

im ' im r " J i ■ ■ »■ 

| P K a j pK*(abs) | 

p 

P K a ( f iu) j 

- _ -I 

, | , 

pK* (ave)| 

dL | 

. .... - I ... 

pK (FT) 
a 

Eq(MN) 

4.65 2.87 

1.44 

2.16 

2.2 

Eq(NA) 

11.86 8.89 

7.24 

| 

8.07 

11.82 


Comparing the pK values for the equilibrium between the 

cation and the neutral species, the difference between pK a (abs) 

and pK* (flu) is 1.43. This small difference is only due to an 
a 

unequal solvent relaxation for the conjugate species in their 
ground and excited states* In neutral molecule the solvent 
relaxation for two extreme solvents (n-hexane and water) is only 
500 an'* 1 . Similarly a small difference of 0.8 between pK a (flu) 
and pK a (FT) is because of the use of band maxima instead of the 
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0-0 band in the Forster cycle. Furthermore# pK (abs) and 

& 

pK (flu) deviate from pK (FT) by ru 0.7 but in opposite 

3 . 3 

directions confirming the unequal solvent relaxation. The 
pK (ave) of 2.16 is in excellent agreement with pK obtained 

3 3 

from the fluorimetric titration. Under these circumstances the 

pK obtained by the method of averaging absorption and fluores- 
3 

cence maxima gives the best accurate value. 

The difference between pK (abs) and pK (flu) for Eq(NA) 

3 3 

is also not much and it can be explained as has been done for 
Eq(MN) . Accordingly the pK (ave) of 8.07 is more accurate than 

3 

pK (abs) or pK (flu) . Since the fluorimetric titration yields 

3 3 

only the pK , a comparison of pK values from the FOrster method 

3 3 

could not be made. The pK obtained by fluorimetric titration 

shows that excited state prototropic equilibrium is not attained 

during the life times of excited species. This behaviour is 

★ 

generally observed for the compounds whose pK^s fall in the mid 
pH region. So in this case because of the low concentration of 
protons at a pH of 8.07# the rate of proton transfer is slower 
than that of fluorescence, although the rate constant for the 
former is supposed to be large. This conclusion is also suppor- 
ted by the displacement of the excited state equilibrium with 
an increase in the concentration of buffers. The effect of 
buffers on this equilibrium will be discussed in the next 
chapter. 
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An unusual behaviour observed in this compound is the 
decrease in the basicity of pyridinic nitrogen atari in the 
excited state. The pK values obtained by all the four methods 

St 

show this behaviour# which is contrary to the usual trend observed 
152 

in pyridine# pyrazoles (sec. 6.2.1) etc., indicating that the 

2 

lone pair which is supposed to be in one of the sp orbitals is 
more involved in the n cloud interaction of the molecule. This 

128 

kind of behaviour was observed to some extent in benzimidazoles 
also but not in indazole (sec. 7.3..1). Thus the pyridinic 
nitrogen in this molecule behaves more or less like amino nitrogen. 
These results support the conclusion made earlier on the solvent 
effects on absorption and fluorescence of PI. 

The fluorimetric titration for the equilibrium between 

the monocation and the neutral form gives a stretched sigmoid 

curve (fig. 6. 9. a ) covering both ground and excited state pK 

regions. This indicates that in the excited state the rate of 

the reaction is comparable to that of fluorescence. This kind 

of behaviour will be discussed in detail using excited state 

kinetics in the case of HP (sec. 6.2.4). The large flat region 

between the ground and the excited state pK & observed in the 

155 

fluorimetric titration curves of /3 -naphthol and HP is 
absent here because in this compound both ground and excited 
state pK s are close to each other. 
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6.2.3. 9- Aminophenanth re n s 

•k 

The pK^ value for the Eq(MN) was determined by Tsutsumi 

et. al./ from Forster cycle using the average of absorption 

and fluorescence maxima. We have carried out a study of the 

pH dependence of fluorescence of this compound inorder to find 

out whether the equilibrium of this reaction is established in 

* 

the excited state or not and to determine the pK value for the 
equilibrium between the neutral molecule and the anion. • The 
fluorimetric titration curves for both equilibria are shown in 

k 

fig, 6.10. The pK value reported in the literature and the 

a 

k 

pK & values determined in this work by fluorimetric titration are 
given in Table 6.8. The pK value for the Eq(NA) is not reported 
since it could not be determined due to the reasons discussed in 
the section 6.1. 

Table - 6.8 

Excited singlet state acidity constants of 9-Aminophenanthrene 


Equilibrium 

f— 

•* PK 

» O 

- 1 ■ . - - - - 

1 

! pK* ( ave) 

i a 

1 . . - - - . - J 

pK (ET) 

Cl 

- - - ,, 

Eq(MN) 

3 « 5 a 

-3.2 a 

-3.6 

Eq(NA) 

>14.00 


12.18 


a. Frcm ref. 129. 
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The effect of acidity on the fluorescence intensity of 
9-aminophenanthrene (fig. 6.10 -a ) shows that fluorescence is 
quenched with a decrease in pH/H o « The middle of quenching 
occurs at pH 1.1. But phenanthryl ammonium ion starts fluores- 
cing only from -1 and its intensity increases with an 

increase in the acidity. The point of inflection of this 
fluorimetric titration curve occurs at H q - 3.6. The value of 
-3.6 is the excited state pK^ and it is in good agreement 

with the value (H q -3.2) obtained by the Forster cycle method. 

* 

The small difference of 0.4 in pK a calculated by two methods 
can be explained on the same lines as has been done for PI. 

The initial quenching of fluorescence of the neutral form before 

the formation of the cation is also observed in a and /3 -naphthyl- 

149 156 

amines. As suggested by Schulman et. al,/ the fluorescence 

quenching may be due to the formation of a non fluorescent solvent- 

solute cation complex in the ground state. This complex loses 

its energy before the formation of the neutral form by its 

decomposition in the excited state. 

The fluorescence of the neutral form is again quenched 
when pH is increased above 10.5 due to the formation of the 
imino anion. The middle of quenching occurs at a pH of 12.8 
which is the pK for the equilibrium between the neutral form 
and the anion. When the pH is increased beyond 14 a new 
fluorescence peak which is blue shifted relative to the neutral 
form appears. Fig. 6.11 represents the fluorescence spectrum 



-5 -4 -3 -2-101234 9 10 11 12 13 14 15 

(a) H 0 /pH (b) pH 

. 6-10 Plot of relative fluorescence intensities of 9 Amino - 

phenanthrene Vs pH/H 0 (a) Cation and neutral form 

(b) Neutral form . 







380 400 420 440 460 480 500 520 540 

Wavelength (nm) 

Fig. 6-11 Fluorescence spectra of 9- Ammophenanthrene 
(a) Neutral form (pH-7) , (b) Dianion (H_ 15-2) 


167 


at pH 7 and at H_ 16. The intensity of this peak increases 

upto H_ 16.75 ( ru 8 M NaOH) but it decreases with further 

. 178 

increase in the concentration of NaOH. <x and 3 -naphthylamines 

were also found to behave in a similar way. This may be due to 

the formation of a dianion in the excited state. Fluorimetric 

titration could not be used to calculate the pK value for the 

equilibrium between the mono- and the dianions because the 

isosbestic point in this region is not constant. But a blue 

shift in the band maxima when compared to the neutral form 

indicates qualitatively that NH~ is a very weak acid compared 

to the amino group. 

6.2.4. 9-Hydroxyphenanthrene 

The pK value for 9-hydroxyphenanthrene was determined 
spectrophotcmetrically. The absorption spectrum of its anion 
is so broad that its maxima could not be correlated with the 
corresponding band maxima in the absorption spectrum of the 

ic 

neutral form as the latter is structured. Hence the pK value 

a 

was calculated by the Fo'rster cycle, only using the fluorescence 
shift. A fluorimetric titration was done from H Q -1 to pH 13 , 

it 

and the titration curve is shown in fig. 6.12. The pK values 

cL 

determined by these methods are listed in Table 6.9 along with 
the fluorescence maxima of both forms. 
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Table — 6.9 

Excited singlet state acidity constants of 9-Hydroxyphenanthrene 


Equilibrium 

~I 

j ~ v BH ( cm"* ■*■) 

1 - 

1 1 

i v^Ccm” 1 ) j 

-- i --- - , .1 

r 

pK*(flu) i 

GL | 

- • - - i 

pK (FT) 
3 

Eq(NA) 

25974 

20833 

-1.75 

1.9 


Fluorimetric titration always yields an accurate pK & value. 
The difference of 3.65 between pK ’ ( flu) and pK (FT) must be due 
to the increased charge transfer interaction at the anion in the 
excited state resulting in a larger solvent relaxation error. 

The fluorimetric titration curves are stretched sigmoid 
curves with two inflection points/ one of which corresponds to pK 

OL 

and the other to pK . Even though the point with I/I = I' /I'^O.S, 

3 (JO 

•a k 

occurs at pK , the extension of the curve up to pH 12 shows that the 

3 . 

equilibrium in the excited state is not completly attained. This 
type of curve indicates that the rate of proton transfer in the 
excited state is comparable to the rate of fluorescence. The 
shape of the fluorimetric titration curve obtained can be 
explained on the basis of kinetics of excited state proton 
exchange taking place in HP. 

At pH « 1 the excited molecule dissociates forming the 
. In this pH range H 2 0' is the only proton acceptor and so 


anion 
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the excited state proton transfer reaction can be written as 


ROH + H„0 — - — ^ 

2 ■'k — 

-a 


RO + H 3 0 


,+ 


• • • 6. 3 


5 37 

If the equations derived by Weller, ' using simple 
steady state kinetics are applied, then relative quantum 
yields of ROH(jZ5/jZ5 o ) and R 0 "“ are given by. 




1 + k -a T 'o [ H 3° 3 

1 + k a T o + k -a • c 'o[ h 3 0+ ] 


• « ♦ 6.4 


and 




k T 
a o 


1 + k a X o + ka^'oft 0 ] 


• • • 6 # 5 


where x ^ and x ' are the life times of ROH and RO 
o o 

respectively. 

If the rate of reaction with the solvent in eq. (6,3), 

, -I- 

that is , ROH + H 3 0 f RO + H^O is comparable to or greater 

than the rate of fluorescence of ROH t and the rate of the second 
order protonation of RO“ is much less than the rate of fluores- 
cence, the eq. (6.4) and (6.5) become 


m. 


1 + k x^ 
a o 


. • . 6. 6 


0 ‘/ 0 ' 


k x^ 
a o 

1 + k 

a o 


• • • 


6.7 
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They show that 0/0 Q and 0'/0' o are independent of [ H + ] or 
[ OH ]* A plot of 0/0 Q or 0/0' Q Vs [ H + J or[ 0H~ j should give a 
flat horizontal line for each species as we see for the neutral 
and anionic forms of 9-phenanthrol in the pH range 3.2 - 7.7. 

The independence of 0/0 Q and 0' /0' Q on pH may be due to small 
values of k relative to 1/ t* or due to low concentration of 

"■* a. O 

protons since at low pH (about 0.1) the excited 9-phenanthrol ate 
ion from excited 9-phenthrol gets reprotonated quickly. As the 
pH increases the reprotonation rate becomes smaller and at pH >3, 
the rate becomes negligible. So 0/0 Q settles down to the plateau 

value of y and 0' /0' Q to k^^l+k^ Q . At 25°C the following 

values were obtained for the flat region' of the curves i.e. 

0/0 = 0.265,^’/^ = 0..75. Thus knowing 0/0 Q and 0' /0' Q and the 

lifetimes of both species the rate constants k and k can be 

cL *■* cL 

determined. 

A similar behaviour was ob served for 3 -naphthol by 
155 

Weller and the 0/0 Q , 0 l /0' Q values obtained for the flat region 

of the curve were 0.73 and 0.28 respectively. The difference 

between these two molecules is in the extent of the proton 

transfer reaction in the excited state. In 3 -naphthol only 28% 

of the molecules undergo dissociation (deprotonation) at the 

pK whereas in 9-phenanthrol 75% of the molecules get deproto- 
3 . 

nated in the excited state. This could be due to the longer 
lifetime of 9-phenanthrol relative to 3 -naphthol. 
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6.2.5, 5-Aminoindazole 

Absorption spectra of 5-aminoindazole have been studied 

in the basicity/acidity range from H_ 16 to H Q -4. Four ground 

state prototropic species (fig. 6.14) / the neutral molecule (III) , 

a monocation ( II) , a dication (I), and an anion (IV) have been 

observed. The absorption spectra of these compounds are shown 

in fig. 6.13. The blue shift observed in the absorption 

spectrum of the monocation and its resemblence with absorption 

142 

spectrum of indazole shows that the first protonation in the 
ground state occurs at the amino group. The absorption spectrum 
of the dication is red shifted to the monocation and it is due 
to the protonation at the ring nitrogen atom. 

The absorption spectra of the anion is red shifted as 
compared to the neutral form and the pK for the equilibrium 
between the neutral molecule and the anion is found to be 14.59 
which is slightly greater than the pK of indazole. These 

cl 

results indicate that the anion involved in the equilibrium is 
the one deprotonated at the ring nitrogen atom. From the 
absorption spectra of these species the ground state equilibrium 
reactions can be written as shown in fig. 6.14. 

The fluorescence spectrum of this compound have been 
studied in the range H_ 16 to H -10. The neutral species 
shows a fluorescence maxima at 408 nm. When the pH is lowered 
below 4.5, the fluorescence intensity at 408 nm. starts 





0 250 

Absorption 
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decreasing and a new band with very low intensity starts 
appearing at 505 nm. The intensity of the new band is relatively 
so weak (even at H q -1,12 its intensity is 30 times less than 
that of the neutral form at 408 nm) that its appearence could be 
detected only below pH 1,2, This band is due to the formation 
of the monocation and its formation is complete at pH 0,2, 

A further decrease of H q results in the quenching of the 
fluorescence at 505 nm and it is nearly complete at H q -5. At 
this stage another new band with a h max at 3 63 nm starts 
appearing and this band is found to be due to the formation of 
the dication. On the other hand when the pH is increased from 
7 to 10, the fluorescence of the neutral form at 408 nm gets 
quenched and the quenching is complete at pH 14 without the 
appearance of any other fluorescence band. Above pH 14, upto 
H_ 16, no fluorescence is observed at room temperature. 
Fluorescence spectra of different excited state species are 
shown in fig, 6.15, The absorption and fluorescence maxima of 
different forms of 5-aminoindazole are given in Table 6.10 and 
the pH/H Q /H at which the spectra were recorded are given in 


brackets 
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Table - 6. 10 

— 1 

Absorption and fluorescence maxima (cm ) of various forms 

of 5-Aminoinda2ole 


Species 

i 

! Absorption 

i maxima at 

{ 29 8K 

• . 

Fluorescence 
maxima at 

29 8K 

1 

i 

J Fluorescence 
t maxima at 

77K 

1 - - . . - - - - . 

Dication 

40160 




38910 (H c -2.5) 
34722 (m) 

27548 (H -9.0) 


Mono- 

cation 

39840 

38910 

35211 (m) (pH 2.5) 
347 22 (s) 

33898 

19801 (H Q -1) 


N eutral 
form 

31645 (pH 8.5) 

24509 (pH 3) 


Anion 

30864 (H_ 16) 


26007 (H_ 16) 


a. Excited state equilibrium between the Monocation and 
the Neutral form 


The monocation fluorescence is largely red shifted in 
comparision to the neutral form and the monocation formed 
may be due to the protonation either at the ring nitrogen atom 
or at the amino group. If the protonation had occured at the 
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latter position# the fluorescence maxima should have been 

129 

blue shifted# as observed for other amino compounds. Also 

the fluorescence spectrum of the mono cation should have resembled 
the indazole fluorescence spectrum as did the absorption spectrum 
and also as noticed in other aromatic amines# where the fluores- 
cence spectra of the protonated forms resemble those of the 
parent molecules. 

To prove further that the protonation at the amino group 
should result in a blue shift in fluorescence# we prepared the 
salt indazol ammonium chloride. The structure was confirmed by 
the absorption spectra of the salt in acetonitrile# methanol 
and water solutions.' Due to its very poor solubility# the 
spectra could not be recorded in nonpolar solvents. Fluorescence 
spectra of the salt recorded in different solvents at roam 
temperature and in methanol at low temperature are shown in 
fig. 6.16. The absorption and fluorescence maxima are reported 


in Table 6.11. 



Water 



Fig. 6*16 
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Table ~ 6.11 

— 1 

The absorption and fluorescence maxima (cm ) of indazola- 
mmonium chloride in different solvents 


Solvent 

— i r — 

i f 

J Absorption maxima J 

i t 

i - i 

Fluorescence maxima 

Acetonitril e 

39682 

33333 


34843 

32514,25940 

Methanol 

39525 

31796 


38910 

25094 


34843 



34482 



33613 


Water 

39682 

31250 


39062 

24539 


35087 



34602 



33783 



In all solvents at room temperature two fluorescence bands 
appear# one near 310 nm# corresponding to the indazolammonium 
ion (close to the indazole fluorescence) and another at a 
longer wavelength# corresponding to the neutral form. This 
shows that indazolammonium ion# being unstable in the excited 
state dissociates to the neutral form and the dissociation 
increases as the solvent is changed from acetonitrile to water. 
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But at the low temperature (77K) / due to the rigidity of the 
medium /the dissociation can not occur. Hence the fluorescence 
in methanol at 77K has no band corresponding to the neutral form 
and the shape of the spectrum matches with the fluorescence of 
indazole. These results again confirm that a blue shift should 
have been observed if the protonation in the excited state had 
occured at the amino group. So from the red shift obtained by 
decreasing the pH, we conclude that the protonation in the 
excited state occurs only at the ring nitrogen atom. 

Fluorimetric titration was carried out for this 

equilibrium by measuring the variation of fluorescence intensity 

of the neutral form with pH and the titration curve is shown in 

fig. 6.18. The variation of the fluorescence intensity of the 

monocation at 505 nm with pH/H Q could not be measured due to 

its weak emission relative to the emission of the neutral form. 

The middle of the quenching of the neutral form occurs at pH 2.58 

* 

and this is the pK^ between the neutral form and the ring nitrogen 
protonated monocation (5- amino indazole cation) . 

b. The equilibrium between the mono- and the dication 

The 5-aminoindazole cation fluorescence has a maximum 
at 505 nm whereas the dication has a maximum at 363 nm. The 
blue shift shows that the protonation has occured now at the 
amino group and thus reiterates our earlier conclusion that the 
first protonation occurs at the ring nitrogen atom. Fluorimetric 







Fig. 6-18 Plot of relative fluorescence intensities of 5-Aminoindazole Vs 
(a) Dication (b) Monocation 
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titration was carried out for both species and the titration 

curves are shown in fig. 6.17. The fluorescence of 5— amino- 

indazole cation is quenched and the middle of quenching occurs 

at H q -2.1 but the mid point of dication formation occurs at 

H q -8.1. This kind of quenching behaviour before the attainment 

of equilibrium in the excited state is quite common in amino 

149 

compounds such as & , 0 -naphthyl amines, and phenanthryl amine 

(sec. 6.2.3). As explained in 9-aminophenanthrene, the initial 
quenching observed for the monocation may be due to the formation 
of a non fluorescent ground state complex and not to the forma- 
tion of a dication. Hence the mid point of inflection in the 

* 

formation curve gives the pK value for the equilibrium between 

3 . 

the mono- and the dication. 

c. Equilibrium between the Neutral form and the Anion 

Fluorescence quenching of the neutral form without the 

appearance of a new band above pH 10 is due to the formation of 

the iminoanion and not the 5-aminoindazole anion. A similar 

13 

behaviour has been observed in amino compounds where there 

can be only the formation of an iminoanion. Moreover if 5-amino- 

indazole anion is formed the fluorescence of the ion might have 

1 28 

been observed as in indazole anion. To substantiate this 

further, the fluorescence spectrum of 5-aminoindazole anion at 
H 16 and at 77 K was recorded and shown in fig. 6.19. At this 
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low temperature only the ground state species i.e. 5-aminoindazole 
anion can exist as confirmed by its fluorescence. These results 
demonstrate that the quenching behaviour is due to the formation 
of the iminoanion in the excited state. Fluorimetric titration 
was carried out and the titration curve is shown in fig. 6,18. 

The mid point of quenching occurs at 11.9 which is the pK for 
the equilibrium between the neutral form and the iminoanion. 
Further increase in pH does not give rise to any fluorescence as 
in other aromatic amines/ indicating that there is no formation 
of a dianion in this case. 

In all the three equilibria discussed so far it has been 
found that any of the the species involved in the ground state 
equilibria is different from those involved in the excited state 
equilibria. Since Forster cycle is applicable only when pK & and 
pK in the equation (3.8) correspond to the same equilibrium 

k 

in the ground and the excited state, calculation of pK values 

a. 

by using Forster cycle methods has no meaning in these cases. 

d. Biprotonic Phototautomerism 

Biprotonic phototautomerism generally occurs when the 

proton donor and acceptor groups in a molecule are well 
157 

separated. 5-Aminoindazole is such a molecule where the 

proton donor group (-NH^) is present in the homocyclic ring 
and the proton acceptor group (pyridine type nitrogen atom) is 
present in the heterocyclic ring. At pH 1.4, in the ground state. 
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the monocation that exists is indazol ammonium ion . When it is 
excited, it decomposes and the protonation occurs at the ring 
nitrogen atom* This is found out by the absorption and omission 
spectra of 5-aminoindazole at pH' 1.4 (fig* 6.20). The absorption 
spectrum corresponds to the indazol ammonium ion whereas the 
fluorescence spectrum shows the presence of the neutral and the 
ring nitrogen protonated monocation, indicating that at this pH 
5-aminoindazole and its cation are in equilibrium in the excited 
s tate. 

Deprotonation at one site and protonation at another in 
the excited state would be assisted by a suitable solvent such as 
methanol or water. It is clear from the spectra of indazolammo- 
nium chloride in methanol and water at room temperature and in 
methanol at low temperature (fig. 6.16) that dissociation takes 
place in the excited state at room temperature. But the fluores- 
cence maxima of the 5-aminoindazole cation at 505 nm could not 
be detected in aqueous solution since at this pH (rw 3) the 
protonation of the ring nitrogen atom can not occur. At low 
temperature, indazol ammonium cation does not decompose during 
the life time of the species. 

From the above results, a scheme of ground and excited 
state equilibria taking place in the whole range of H^pH/H^ is 
proposed as shewn in fig. 6.14, 
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6.3. Excited triplet state acidity constants 

Acidity, constants in the lowest triplet state have been 
determined from the phosphorescence data using the FOrster cycle. 
Since the 0-0 transitions could not be located for both the acid 
and its conjugate base in some compounds/ the phosphorescence 
maxima were used for these compounds in the calculation of the 
pK^ values. For the low temperature spectra/ fairly high 
concentration of the solute is required and so methanol- water 
mixtures containing 20 to 50% methanol were used for the 
preparation of the solutions. Furthermore methanol- water 
solutions form a better glass than the pure aqueous solutions 
at 77K. Sulphuric acid and sodium hydroxide were used to 
prepare acidic and alkaline methanol solutions. 

Phosphorescence spectra of different forms of all the 
compounds studied/ are shown in figs. 5.19-5.26. The band 
maxima used in the calculation of pK^ values and the resultant 

it m, mm 

pK T values are listed in Table 6.12. v m ,v n ,i' a are the 

phosphorescence maxima of monocation/ neutral and anionic forms 
resp ectively . 

The pK T values obtained are very close to the pK^ value 
and in most of the cases the change in pK occurs in the Same 

a. 

direction as in pK^ . In a few compounds the pK change in 

cl * ^ 

the triplet state is either zero or opposite to the trend observed 
in the singlet state. But this opposite change is very little 
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Table - 6.12 


* 

Low - temperature phosphorescence maxima and pK T values 


Compound 

I 

1 

i 

1 

-J- 

i V 

» 1X1 

t . 

fc i 

*. 1 
1 | 

1 . . - J 

Eq(MN); 

- . 1 

pK*(T)jpK a j pK a 

Eq(NA)J Eq(MN) J Eq(NA) 
1 1 

PDP 

24691 

24390 


2.9 


2.27 


DPMP 

22883 

23 530 


0.12 


1.48 


TPP 

24096 

23 530 


1.58 


0.39 


DPP 

23809 

23809 

24067 

1.43 

13.44 

1.43 

12.94 

MPP 

24630 

24390 

23951 

3.11 

12.88 

2.61 

14.31 

DPI 

20000 

19900 

19801 

6.11 

12.38 

5.90 

12.8 

PI 

23 530 

23530 

23 537 

4.65 

11.86 

4.65 

11.86 

HP 

20408 


20 513 


9.27 


9.05 


and may be due to the error involved in the location of the 0-0 
band. In all other compounds the pK^ values obtained are in good 
agreement with the results obtained by other workers. 60 ' 158 






CHAPTER - 7 


EFFECT OF BUFFERS ON EXCITED STATE EQUILIBRIUM 

7,1. Introduction 

Most analytical measurements on biological or model 
biological systems are carried out in solutions containing 
buffers, often in high concentrations to maintain a constant * 
pH. The buffers consist of proton donois and acceptors and 
therefore they can enter into proton- transfer reactions 
with excited potentially fluorescent molecules. Rate constants 
for the reaction of many common buffer ions, for example acetates 
and phosphates, with several fluorescent species have been shown 
to be comparable to the rate constants for- the interaction of 

+ 5 

H^O , OH and ^0 with these species. Because the concentration 

4* — 

of buffer ions are considerably greater than that of HgO and OH 
in a buffered solution, especially in the mid pH region where the 
concentrations of H^O* and 0H~ are very low, the probability of 
reaction of excited species with buffer ions is high. Hence a 
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study on the effect of buffers on fluorescence reveals their 

* 

(potential) interference in the excited state equilibrium. In 
some cases, where life times of the fluorescent species are 
sufficiently long, the study also helps in determining the 
excited state dissociation constants which otherwise may not be 
possible. . 

7.2. Theory 

5 51 # 11,7 

Weller ’ u used steady state kinetics and derived 

equations for. the calculation of relative quantum yields of 

fluorescent species in the presence of buffers. Schuiman and 

Capomacchia^ used the same principle but modified the equations 

to incorporate the conditions in the mid pH region. Later, the 

theory of the effect of buffers on the acid-base equilibria was 

8 6 

reviewed by Schuiman. 

For a general acid-base reaction in aqueous solutions 
the equilibria can be written as 


HA + T riUO — ^ A" H- H-,0" 1 

2 3 

-a 


■^b + 

B + H„0 — ^ BH + OH 


2 


k 


-b 


... 7.1 
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In the presence of a buffer system DH + /D the reaction 


HA + D 




A A" + DH + 


.... 7.3 


— D 


can accompany the reaction (7.1) while the reaction 


B + DH + — — ^ ^ B h + + j) 




... 7.4 


-D 


can accompany the reaction (7.2) in the excited state. Weller 5 
has derived equations for the relative quantum yields of HA 
and A when the reactions (7,1) and (7,3) are simultaneously 
operative and for the relative quantum yields of B and BH + 
when (7.2) and (7.4) are operative simultaneously. 

However if the solutions under consideration have pH 

between 3 and 11, and if the reaction of the excited HA or B 

with H_0 is too slow to occur within the lifetime, the ~k , k , 

2 • a — a 

k_k become negligible. 

Weller' s equations reduce to 


m 0 = 

1 + Wt DH+ 3 T, o 


1 + w [ DH *1 ' t 'o. + 

* ♦ ♦ 

f t/r Q = 

*D[ D ho 


X + k DHt [DH + ] x' o + ^[D] X 0 

• • • 


for the equilibrium (7.3) and 

i + 


a/a = — 

° i + V D bo + w t DH ' H x ’ 


.4. 7.7 
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and 


t>'/p 0 = 




1 + ypJ y + wc dh J z ' 0 


• • « 7.8 


for the equation (7.4) 

0/0 0 is the relative quantum yield and x is the lifetime of 

either HA or B and 0 ' / 0 ' Q , x 1 ^ are the corresponding variables 
— + 

for A or BH . These equations indicate that in the presence of 

sufficiently high buffer concentrations, with sufficiently high 

kp and ^q H +/ excited state proton transfer is possible even if the 

reaction with the solvent species is not taking place. If the 

concentration of the buffer species is high enough, excited state 

equilibrium corresponding to reaction (7,3) and (7.4) may occur. 

The pK^ in the presence of the buffer i. e. pK^^ and pK D-B for 

5 * & 

these reactions have been shown to be related to pK a and pK^ by 
the following equations 


+ py - py 

pK D-B + pK W - pK D = py 


is constant of water and k^ is 
the equilibrium constant of the buffer. The equilibria character- 

•k *&• 

ized by pK^ and pK^ are coupled to the equilibria characterized 

by pKp ^ and pK^ B and the excited state equilibrium in 

reactions (7.3) or (7.4) is a sufficient condition for excited 

* 

state equilibrium in reactions (7.1) or (7*2). However, HA and 
A” are the only fluorescent species in reaction (7.3) while 


Where k^ is the autoprotolys 
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* * 

B and BH are the only fluorescent species in reaction (7,4) , 
Consequently/ at any buffer concentration high enough to 
sustain the excited state equilibria corresponding to equations 
(7,3) and (7,4)/ variations in the relative fluorescence quantum 
yield of HA and A” ' and of B and BH + with pH would reflect 
the equilibrium fluorimetric titration curves corresponding to 
equations (7.1) and (7,2), Hence buffer systems are useful in 
forcing to attain the excited state equilibrium in acid-base 
pairs, which by themselves in water can not be studied under 
excited state equilibrium conditions. 

In this chapter, results from a study of the effect of 
phosphate buffers on the protonation and deprotonation of 
indazole/ benzimidazole and 9, 10-phenanthroimidazole are 
presented, 

7,3. Results and discussion 

A careful selection of buffers is essential for this 
study and few of the necessary characteristics are stated below. 

A buffer system should have a pH range to cover the range 
. / * \ 

of excited state pK (pK + 2) . It should not have absorbance 

3 . 3 — • 

at the excitation wavelength used for the fluorimetric titration. 
The total analytical concentration of the buffer ions should be 
kept constant in all solutions. 
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For all the compounds studied by us only phosphate buffer 
was found to be suitable. Acetate buffer was found to quench 
the fluorescence of benzimidazole and indazole. Buffer solutions 
were prepared by taking a fixed amount of orthophosphoric acid and 
adding sodium hydroxide of suitable strength to attain the 
required pH. Then all solutions were made up to a fixed volume 
so as to keep the total analytical concentration of[H 2 P0 4 + HPO" J 
equal. The exact pH of the solution was again measured after 
the addition of the compound to be analysed i.e*, just before 
taking the fluorescence measurements. 

7.3.1. Indazole 

Longworth et. al. , have calculated A pK & — pK^) by 

using Forster cycle method of averaging absorption and emission 
maxima for the equilibrium between monocation and neutral form. 

We have carried out a fluorimetric titration for indazole in 
aqueous solution and the titration curves are fjhown in fig.7«2(a) • 
The crossing of the two curves gives a pK_^ value of 1.8 which is 
slightly different from the pK^ value of 1.22. The fluorescence 
spectra of indazole in aqueous, 0,1 M and 1 M phosphate buffer 
solutions ( pH 3.3) were recorded to test the effect of the 
buffer. The fluorescence spectra in aqueous solution and in 
0.1 M buffer are exactly same where as in 1 M buffer it is 
displaced, as shown fig. 7.1. Fluorimetric titrations were 
also done with 0.1 M and 1 M buffer solutions. Once .again, the 
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excited state equilibrium is not affected by the 0.1 M buffer 
solution but the 1 M buffer displaces the equilibrium constant 
to 2.8 (fig. 7. 2. a). 

For the deprotonation equilibrium between ind azole and 

its anion the pK^ value was determined spectrophotcmetrically. 

* 

The pK^ values, determined by using FSrster cycle methods and 
fluorimetric titration with and without buffers, are given in 
Table 7.1. The fluorimetric titration curves for this equili- 
brium are shown in fig. 7.2(b). 

Table - 7.1 


Excited singlet state acidity constants determined by different 
methods and at different buffer concentrafi ons 


Equili- 

brium 

"T 

i 

'.PK 

I 3 

I 

1 

i - 

pK^( abs) 

r— 

pK* ( flu) ! pK* ( ave) 

3. i 3 

i 

i 

- I - - 

1 

‘.pK (FT) 

t a- 

{ C=0.0M 

i — - - . . 

“i - nr — t-" — 

i i i 

pK (FT) pK (FT) pK ( FT) 
, 3 ‘ i 3 » 3 

! c=o.im! c=o.5m! c= im 

« 1 - I 

Eq(MN) 

1.22 

2.99 

11.83 7.41 

1.8 

1.8 2.8 




6.22 a 



Eq(NA) 

13.79 

10.11 

2.57 6.34 

12.2 

11.2 


a. From ref. 142 

In the deprotonation equilibrium, a levelling effect of buffers 
on pK could not be achieved because phosphate buffers get 

3 

precipitated if the concentration exceeds 0.5 M, 
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In the Eq(MN) the pK a value obtained by fluorimetric 

titration is greater than pK by about 1.6 but the A pK 

a- a 

reported by Longworth et.al. is 5 . The reported value 

seems to be inaccurate because of the discrepancy in the method 

used for the calculation of pK a » In indazole, on protonation, 

the red shift observed in the fluorescence spectrum, is quite 

large compared to the red shift observed in its absorption 

spectrum. This broad and largely red shifted fluorescence 

spectrum of the monocation shows that these changes may be 

due to either an excited state solute- solvent complex formation 

1 1 

or due to the mixing of and bands as was reported for 

13 1 

benzimidazole. Therefore, the fluorescence shift for indazole 

k 

can not give a reliable pK value. Consequently the method of 
averaging also becomes unsuitable. Among the three Forster cycle 

k k 

pK values, pK is found to be the most accurate for this' 
q. aos 

k 

compound. The pK & of 2.8, obtained by fluorimetric titration 

* 

in the presence of a buffer is closer to the P K a ( 3 ] 3 S ) value, 
showing that equilibrium is attained in the excited state. 

Similar behaviour is also observed in the deprotonation 

equilibrium of indazole. Based on the same reasons, it is 

k 

concluded that P K a ( a ] DS ) is relatively more accurate than 

k k 

pK , _ ~ , and pK , \ values. Fluorimetric titration without a 

^ a(flu) ^ alave) 

buffer gives a pK a value of 12.22 which is displaced in the 
presence of buffer. This indicates that even though fluorimetric 
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titration gives a pK^ different from pK^, it corresponds to a 

Q £ $ 

non- equilibrium condition in the . 3 state due to its displacement 
in the presence of buffers. 

7.3.2. Benzimidazole 

Acid-base properties of this compound in the ground 

and excited states were studied by several authors, 142 a 160-162 

but there has been no agreement between their results for the 

acid-base equilibria. A blue shift in absorption and a large 

red shift in fluorescence of the benzimidazole cation relative 

to the absorption and fluorescence maxima of the neutral form 

159 

were observed by Adler. This large red shift in fluorescence 

has been shown to be due to the reversal of states and in 

a b 

13 1 

the cation. Consequently in benzimidazole, cation fluorescence 

1 1 

ongenates from L state , instead of L, state. So fluorescence 

cl D 

data can not be used in the Forster cycle calculation of pK for 

cL 

this species. Blue shift in absorption on protonation shows 

that pyridinic nitrogen becomes less basic in the excited state, 

16 9 

against the usual trend. Recently Svejda et.al*, have shown 

from an QDMR (optical detection of magnetic resonance) study 
that benzimidazole cation is present at pH 7 in the presence of 
buffer possibly due to an increased basicity of the molecule, 
Fluorimetric titration in the absence of buffer has given only 
the ground state pK value. 
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Hence our study was carried out mainly to find out the 
effect of buffers on the benzimidazole equilibria. In the study 
of the protonation equilibrium, fluorescence spectra recorded 
at a pH of 6.5 with and without a buffer (fig. 7.3) shows the 
formation of benzimidazole cation in the presence of the buffer. 
The fluorimetric titration curves in aqueous solution and in 
buffer solutions are shown in fig. 7.4. Table 7.2 gives the 
pK & values obtained by fluorimetric titration at different 
buffer concentrations. 

The deprotonation equilibrium is not significantly 
affected by the buffer concentration. 

Table - 7.2 

Excited singlet state acidity constants of Benzimidazole 
at different buffer concentrations 



i 1 r 


1 

f 

Equilibrium 

j pK a j pK a (PT) | 

pK (FT) 

aL 

| pK (FT) 

1 


| i C = 0 M J 

1 t 1 

C = 0* 1 M 

J C = 1 M 

i . 

Eq(MN) 

5.53 5.6 

5.8 

6.45 


These results show that benzimidazole becomes more basic 
in the excited state. The equilibrium is continuously displaced 
with the increase in concentration of buffers upto 1 M« 




3 4 5 6 7 8 9 10 


pH 

Fig. 7-4 Plot of relative fluorescence intensities of Benzimida- 
zole Vs pH (a) without buffer (b)with 0-1 M 
buffer (c) with 1 M buffer 
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A levelling effect could not be achieved as the preparation of 
buffers above 1 M was not possible. But the pK* of 6.45 in 1 H 
buffer may be close to the true pK* value because CDMR studies 

O. 

have indicated the existence of the cation at pH 7 in the 
presence of the buffer. 

7.3,3. 9/ 10-Phenan thro imidazole 

it 

The pK values determined by different methods for both 

3 

equilibria were analysed and discussed already in chapter 6.2.2. 

The effect of buffers for these equilibria have been studied 
* 

and the pK values obtained are given in Table 7.3. The buffer 

3 

concentration has no effect on the protonation equilibrium 

it 

since the pK^ obtained by all the methods agree well. This 
shows that excited state equilibrium is established. Moreover 

it 

the pK of 2.2 falls in the high pH region. 

In contrast# the deprotonation equilibrium is displaced 
in the presence of a buffer as shown by fluorescence spectra 
recorded in aqueous and in buffer solutions at pH 10.3 (fig. 7.5). 
The fluorimetric titration curves for this equilibrium in 
aqueous/ 0.1 M and 1 M buffer solutions are shown in fig. 7.6. 

The pK values obtained at different concentration of buffers 

3 

[pK a (FT) ] for both equilibria are given in Table 7^3. 




0 


►50 ' 425 400 

Wavelength (n 

>rescence spectra of 9,10 
pH 10 2 (without buffer) 

pH 12 • 3 (without buffer ) 
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Table -7.3 

Excited singlet state acidity constants of 9, 10-Phenanthro- 


Imidazole at 

different buffer 

concentrations 

Equilibrium 

I 

i pK a 

ir -< , , 

I pK a (FT) j 

pK (FT) 

3 

! pK (FT) 

t d 


I 

t 

J— - — - ■ 

| C = 0M } 

C = 0.1M 

! c = 1M 

1 

Eq(MN) 

4.65 

2.2 

2.2 

2.2 

Eq(NA) 

11.86 

11.66 

11.3 

10.72 


This compound is an example to show that buffer has a significant 
effect on the equilibrium only when the pK falls in the mid pH 

St * 

Vc 

region. The pK value for Eq(NA) in the presence of buffers 

O 

* 

shifts towards the pK^ value obtained by Forster cycle methods. 

•k 

The pK value of 10.72 obtained in 1 M buffer solution may not 

cL 

k 

represent the true equilibrium but the change of pK value with 

3. 

the concentration of buffers shows the interference of the buffer 
in the excited state equilibrium. 

Since the buffer affects the equilibrium in the excited 
state, one should be aware of their effect at different concen- 
trations’ on the equilibrium. If the equilibrium obtained in the 
absence of. buffers is displaced with increase in concentration 
of buffers and if it can be established that buffer ions do not 
quench the fluorescence of the excited state species, the 
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fluorimetric titration curve without buffer can be safely 
assumed to correspond to a non- equilibrium condition in the 
lowest excited singlet state. So in some cases, for example, 
in the deprotonation equilibrium of indasole, the effect of 
buffer concentration helps in ascertaining the non- equilibrium 
condition in the lowest excited singlet state. 
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CONCLUSIONS AND SOME ■ FURTHER PROSPECTS 

* ff' ■ 

Absorption and emission characteristics of a series of 
pyrazoles, imidazoles and phenanthrenes in different solvents 
and at different pH have been investigated. 

'k 

The unusual solvent shifts in the n - Tt transition of 
pyrazoles and 4 , 5-diphenyl imidazole have been explained with the 
help of steric effect caused by the solvent interactions. The 
hydrogen bonding interactions are predominant in other compounds, 
and hydrogen donor and acceptor interactions are distinguished 
to a certain extent using solvent shifts. 

The peculiar behaviour of TPP in acid medium, i.e. TPP + , 
is due to a reversible chemical reaction taking place in the 
excited state. The fluorescence quenching of MPP + by chloride 
ion is found to be dynamic in nature. An interesting 
observation from the solvent effect on absorption and fluores- 
cence is the change in nuclear conformation of 3 , 5-diphenyl- 
pyr azole, being non-planar in the ground state, becomes planar 
in the excited state. In 9— aminophenanthrene and 5— aminoindazole 
the site of hydrogen bonding interactions changes from the ground 
state to the excited state. 5- Aminoindazole forms a solute- 
solvent exciplex in ethanol. 

The molecular vibrational frequencies are obtained from 
the analysis of low temperature fluorescence and phosphorescence 
spectra of a few compounds. 
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Ground and excited state pK values have been determined 

a. 

from the pH effects on absorption and fluorescence for the 
protonation/deprotonation equilibria of all the compounds and are 
compared. 

The two nitrogen atoms in pyrazoles behave in a similar 
way as they were in pyridine or pyrrole i. e. pyridinic nitrogen 
becomes more basic and pyrrol ic nitrogen becomes more acidic in 
the excited state. But in l-phenyl-3, 5-dimethylpyrazole, the 
pK^ calculated from absorption data has indicated that pyridinic 
nitrogen atom becomes less basic on excitation. The discrepancy 
in this method is found to be due to steric effect. Because of 
the short excited state life times of pyrazoles the pK^ values 
could not be found out from fluorimetric titration method except 
in 3-rnethyl-5-phenylpyrazole. A stoichiometric complex formation 
between 3-methyl- 5-phenylpyr azole anion and solvent, in the 

■jV 

excited state is inferred from the pK^ value calculated using 
FSrster cycle and fluorescence data. A large difference in 

"jV */< 

pK (abs) and pK (flu) in the Eq(MN) of 3 , 5-diohenvlpyrazole also 

8. St 

confirms its change in geometry upon excitation. 

The pyridinic nitrogen atom in 9, 10-phenanthroimidazole, 
where both nitrogen atoms are (separated by a carbon atom) apart, 
behaves in a different way, i. e. it becomes less basic in the 
excited state. This is against the usual behaviour observed in 
pyridine, pyrazole and other related compounds. This peculiar 
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behaviour is found to be due to the greater perturbation of the 
lone pair in the sp orbital with the n cloud of the molecule. 

The excited state proton transfer rate is comparable to 
the rate of fluorescence in 9-phenanthrol above pH 3, as in 
naphthol. . But in 9-phenanthrol , below- pH 3, 75% of the 
reaction takes place in the excited state leading almost to the 
attainment of the equilibrium where as in 0 -naphthol only 28% 
of the reaction takes place in the excited state. This shows 
the longer life time of 9-phenanthrol relative to 0 -naphthol. 


The proton transfer reactions of 5-aminoindazole in the 
excited state follows a path which is entirely different from 
the ground state. Two different schemes for the ground and 
excited state equilibria are proposed. Indazol ammonium ion 
undergoes a biprotonic phototautomerism. So pK and pK values 
could be obtained only by absorptiometric and fluorimetric 
titrations and, F6*rster cycle methods should not be used to 

k 

calculate pK for this compound. 

The effect of the high concentration of buffers on the 
excited state equilibrium of indazole, benzimidazole and 

■k 


9 , 10-phenanthro imidazole has been investigated. The pK & for 
the Eq(MN) of indazole has been realized in practice by the 
fluorimetric titration with 1M phosphate buffer. The phosphate 
buffers are found to displace the excited state equilibrium of 
benzimidazole |sq(MN)J and phenanthro imidazole |Eq(NA)j , but 
not to the attainment of true excited state equilibrium. 
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The excited state properties (pK and emission character- 

a. 

istics) of pyrazoles presented here are not complete but have 
opened a new field to study these above properties in the five 
membered diaza systems. 

The following properties of pyrazoles and other compounds 
can be investigated in greater detail to gain a complete under- 
standing about the excited state processes. 

Only relative fluorescence intensities of the molecules 
have been studied. Hence quantum yields can be calculated to 
understand the primary photophysical and photochemical processes. 

Fluorimetric titrations have qualitatively indicated the 
excited state lifetimes of all the molecules relative to their 
reaction lifetimes. But the exact lifetimes of the species can 
be determined only from time dependent fluorimetry. Since these 
lifetimes can be used in the determination of rate constants for 
the protonation/deprotonation reactions# it is proposed to extend 
our study on these molecules by using the above technique. 

Preliminary study has indicated that Cl” can quench the 
fluorescence of the cation of some of the molecules. This study 
can be extended to other inorganic anions and the respective 
quenching rate constants can be evaluated. Similarly using time 
dependent fluorimeter, the quenching of the fluorescence of the 
compounds by other molecules can be investigated and proper 
mechanism can be elucidated. 
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